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PART l 
General introduction: aims, definitions and concepts 
"When I use a word", Humpty Dumpty said, in rather 
a scornful tone, "it means just what I choose it to 
mean - neither more nor less". 
nThe question is", said Alice, "whether you aan 
make words mean so many different things". 
"The question is", said Humpty Dumpty, "which is 
to be master - that's all". 
Lewis Carroll 
Through the Looking Glass. 
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CHAPTER l 
THE PURPOSE AND SIGNIFICANCE OF THIS STUDY 
II Research-workers tend to present their results 
as if they were the outcome of systematic and orderly 
progression. This fosters the tendency to overestimate 
the importance of planning in scientific research. This 
same tendency exists in all fields of human activity, and 
in retrospect each of us is apt to regard his actions and 
thought processes as rational. We readily deceive 
ourselves that our convictions are the logical consequence 
of a continuous and reasonable train of thought." 
Dr. N. Howard-Jones (1947) 
The results, discussion and conclusion of this work 
will, I trust, be expressed in a systematic and orderly 
progression to ease the way for the reader. 
I confess, however, in agreement with Dr. Howard-Jones, 
that the aims of this study only became apparent when all 
the results were analysed. These were: 
1. to study the effects of a protein-calorie deficient 
diet on glucose tolerance in young rats, 
2. to determine if there were any significant differences 
in the insulin responses of malnourished as compared to 
well-nourished animals, following the administration of 
glucose and other agents known to promote insulin release, 
3. to evaluate, as far as is possible in an in vivo study, 
the mechanism of any abnormality or anomaly revealed. 
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"Malnutrition has been identified as the world's 
number one health problem and is associated with more deaths 
and disease than the occasional famines" 
Alan Berg (1973) 
"Protein deficiency in man or monkey affects all cells 
and tissues of the body, but they are not all affected at 
the same time nor at the same rate ....•. Organs with a 
high protein or high cell turnover bear the brunt of the 
body response in the early stages of protein depletion; 
they show rapid and extensive alteration". 
V. Ramalingaswami (1969) 
This work ignores the global nature of the problem 
of protein-calorie malnutrition, but concentrates on one 
small aspect, viz. protein-calorie malnutrition and its 
effects on early insulin release and glucose tolerance. 
The demonstration of impaired glucose tolerance and 
diminished early insulin release in the protein-calorie 
malnourished rat is not surprising, considering the protean 
effects of this abnormal condition. The significance of 
this work lies in the study of the mechanisms involved, 
the questions raised, and in the possibility of extrapolation 
to other pathological states. 
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CHAPTER 2 
SOME BASIC DEFINITIONS AND CONCEPTS 
The terms malnutrition, glucose tolerance, and insulin 
release have already been introduced in the title of this 
work. Some of these definitions will appear too vague 
to the purist. Unfortunately this is the way in which 
they have been used by biologists. In fact, the imprecision 
of many of these terms will be stressed. 
i. NUTRITION 
Starvation is defined as a complete deprivation of 
food or a drastic reduction in food intake over a period of 
time leading to severe physiological, functional, 
behavioural and finally morphological disturbances. 
Malnutrition is the pathological state resulting from 
a relative or absolute deficiency or an excess in the diet 
of one or more essential nutrients. Most workers use 
this term synonymously with undernutrition, which is the 
pathological state caused by an inadequate diet over a 
prolonged period of time causing a reduction of body weight. 
Malnutrition, when referred to in this thesis, implies 
undernutrition and not overnutrition. 
Two commonly used terms in the description of 
malnourished children are marasmus and kwashiorkor. 
Mccance (1968) has defined marasmus as being due to an 
insufficiency of all food, and kwashiorkor as being caused 
by a diet deficient in protein but "potentially high in 
calories". Both are characterised by failure to gain 
weight with kwashiorkor including some or all of the 
following signs: 
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oedema, dermatosis, hepatomegaly, hair changes and mental 
apathy. Hypoproteinaemia and periportal fatty 
infiltration of the liver are regarded as characteristic 
of kwashiorkor. However, kwashiorkor and marasmus are 
I 
but two ends of a broad spectrum of protein-calorie 
malnutrition (PCM) which includes marasmic kwashiorkor 
(or marasmus with oedema). 
2 . GLUCOSE TOLERANCE 
In the fasted state the blood glucose concentration 
remains relatively constant, indicating that glucose 
production is equal to glucose utilisation. Many 
hormones are involved in glucose homeostasis, including 
insulin, glucagon, epinephrine, growth hormone and cortisol. 
In overt diabetes mellitus where glucose production 
exceeds utilisation, the diagnosis suspected on the history 
(weight loss, polyuria and polydypsia), is confirmed on 
demonstrating fasting hyperglycaemia with or without 
ketoacidosis. It would appear reasonable to assume 
that prior to this gross pathological state, there should 
exist phases where the individual is able to maintain 
a normal fasting blood sugar but yet be incapable of 
coping "normally" with a glucose load. 
basis of the glucose tolerance test. 
This forms the 
Glucose intolerance may be defined as an impairment 
in the ability to dispose of a glucose load administered 
either orally or intravenously. Though the concept is 
simple, in practice it is difficult to define "normal 
glucose tolerance". 
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From a recent review by Duffy et al (1973), it appears 
that: 
(i) borderline cases appear frequently, 
(ii) because of this, there is as yet no single test 
that can clearly divide the general population 
into an abnormal and normal group, 
(iii) the demonstration of an abnormal glucose tolerance 
test does not imply inevitable diabetes mellitus. 
This should not be surprising in view of the many 
factors involved in the maintenance of glucose homeostasis. 
The number of clinical states associated with glucose 
intolerance is becoming embarrassingly large. These 
include advancing age, liver disease, hyperthyroidism, 
myocardial infarction, azotemia, burns, starvation, obesity, 
in addition to protein-calorie malnutrition. 
3. INSULIN RELEASE 
Insulin release can only be defined in terms of the 
method used for its investigation. A sudden increase 
in plasma concentration of insulin following some stimulus 
is reported by the clinical research worker as insulin 
release. The laboratory worker determines insulin 
release by measuring the increase in insulin concentration 
in a medium containing pancreatic islet tissue. 
Degranulation of the beta cells of the pancreatic islets 
is the evidence of . insulin release used by the histologist. 
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The results of all three methods of assessing insulin 
release, though often in agreement, may sometimes differ. 
To measure insulin release recent investigators have used 
the immunoassay technique of Yalow and Berson (1960) in 
place of the less specific bioassay methods employing the 
rat epididymal fat pad (Martin et al, 1958) or the rat 
diaphragm (Vallance- Owen and Wright, 1960). 
A short survey of the different methods of investigating 
insulin release follows. 
A. METHODS OF INVESTIGATING INSULIN RELEASE 
1. · Tn Vivo methods 
(a) Measurementsof plasma insulin are taken at 
varying time intervals following a given stimulus. By 
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measuring the "area under the curve" after plotting ·insulin 
concentration against time, an index of total insulin 
release is obtained. However no account is taken of 
hepatic degradation of insulin, tissue removal of insulin 
and the effects of dilution in the extracellular fluid. 
(b) Measurement of portal insulin in man or animals 
avoids the problem of hepatic extraction and gives a better 
index of insulin release. 
2. In vitro techniques 
(i) Perfusion of the intact pancreas provides a 
useful method of testing the effects of various agents on 
the whole pancreas. 
(ii) Incubation of pancreatic slices, which includes 
acinar tissue as well as the beta and alpha cells of the 
islets, is perhaps easier to perform. But, because of 
the presence of acinar tissue which contains degradative 
enzymes, one can not be certain that the insulin is not 
being broken down during the course of incubation. 
(iii) Incubation of pcncreatic islets avoids the last-
mentioned problem since the system now contains only alpha 
and beta cells with no acinar tissue. 
(iv) Incubation of cultured foetal pancreatic tissue 
which contains no alpha cells provides a system whereby 
one can test the effect of the stimulus on a pure beta 
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cell preparation. 
In all the incubation systems described under (ii), 
(iii) and (iv) above, there is the possibility that insulin 
released into the medium might inhibit further insulin 
release by the beta cells. To overcome this problem: 
(v) perifusion of pancreatic islets has been used. 
In this system - isolated islets are placed in small chambers 
through which suitable buffers are allowed to run without 
recirculation. 
The methods described above and the results obtained 
have been extensively reviewed by others (Mayhew et al, 
1969; Martin, 1969). Some of the factors shown to 
influence insulin secretion will be discussed later with 
the results of the relevant investigations. 
It may be pointed out now that glucose is still the 
major stimulus of insulin secretion in the mammalian 
pancreas and that various stimuli give different results 
depending upon the in vitro system used. Some stimuli 
require the presence of intact alpha cells or intact 
acinar tissue to be effective in provoking insulin release. 
B. MECHANISM OF INSULIN RELEASE 
1. A morphological descripti·on 
The actual ' mechanical mechanism of insulin release 
has been r~viewed by Lacy (l970). As a result of 
electron microscopic studies, he proposed the following 
model: 
(a) Intracellular glucose metabolism signals the 
initiation of proinsulin synthesis in the endoplasmic 
reticulum. 
13 
(b} Proinsulin is then transferred to the Golgi complex, 
where proinsulin is converted to insulin and beta granules 
formed. 
(c) Mature beta granules are released into the cytoplasm 
and become attached to a microtubular system. 
(d) Glucose metabolism initiates the entry of calcium 
into the cell which triggers a change in the physical 
conformation of the microtubules and results in displacement 
of the granules to the cell surface, where they are released 
by emiocytosis. 
2. A biochemical description 
Renold (1970) in his review has stressed the complexity 
of the mechanism of insulin biosynthesis and secretion. 
Biochemical evidence suggests that the stimulation of 
insulin release involves a multicomponent system including 
(i) cyclic 3'5'-AMP, (ii) alpha and beta autonomous nervous 
receptors, (iii) at least two types of substrate effects -
a general one, coming from any one of the three major body 
fuels (carbohydrates, fats and proteins), and a specific 
one, perhaps an intermediate of the direct oxidation of 
glucose-6-phosphate, (iv) a final common pathway requiring 
++ the presence of Ca ions and modified by the relative 
concentration of other cations including Na+ and K+. 
3. A kinetic description 
Porte (Porte and Pupo, 1969; Porte and Bagdade, 1970) 
has shown that a two-compartment model of insulin release 
could best explain the effects of glucose stimulation. 
Thus an "acute response pool" releases its insulin in · 
response to a ~udden change in glucose concentration, 
whereas a "chronic response pool" is the source of the 
sustained insulin release during prolonged glucose 
infusion. 
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Whether or not one believes that insulin is secreted 
from two or more distinct compartments is immaterial, but 
the concept assists in understanding the relationship 
between glucose tolerance and insulin release. 
CHAPTER 3 
THE RELATIONSHIP BETWEEN BLOOD GLUCOSE 
· AND PLASMA 'INSULIN CONCENTRATIONS 
.15 
The central role played by insulin in glucose 
homeostasis has been reviewed by others (Levine and Haft, 
1970; Cahill, 1971; Hetenyi, 1971) and the importance of 
glucose as a stimulus of insulin release stressed (Mayhew 
et al, 1969). It is not surprising therefore t hat a 
relationship was sought and found between the plasma glucose 
and the plasma insulin level (Metz, 1960). 
During prolonged fasting and after intravenous glucose 
administration, Cahill and Soeldner (1969) were able to 
show a linear relationship between the immunoreactive 
insulin levels and the blood sugar levels in normal subjects. 
This relationship broke down however, during oral glucose 
administration. Computer models describing t he 
relationship between these two parameters have been devised 
by many workers (Cerasi, 1967; Charette et al, 1969; 
Riggs, 1970), in an attempt to quantitate this relationship. 
If oral and intravenous glucose intolerance were 
always associated with diminished concentrations of plasma 
insulin, there would be no problem in the interpr etation 
of the relationship between glucose tolerance and plasma 
insulin levels. With the discovery by Yalow and Berson 
(1960) that maturity onset diabetics (unlike juvenile 
diabetics) had normal or perhaps elevated fasting plasma 
insulin levels despite glucose intolerance, attempts to 
relate these two parameters have led to a great deal of 
confusion. Thus McKiddie et al (1969), studying a 
large group of diabetics explained their findings of a 
significant inverse correlation between · insulin response 
and the severity of carbohydrate intolerance by claiming 
that "the factor which appears to be most important in 
determining the height of the insulin response to glucose 
is the severity of the glucose intolerance." 
Attempts to show that the higher than normal plasma 
insulin levels in maturity onset diabetics v.e:re inappro-
priately low for the high level of blood sugar, have led to 
the use of a number of ratios between insulin and glucose 
concentrations. Perley and Kipnis (1966) divided plasma 
insulin concentration by the blood glucose concentration 
and found this I/G ratio to be lower in diabetics than 
normals. Seltzer et al (1967) used an empirical 
11 insulinogenic index" obtained by dividing the increase 
in plasma insulin concentration above the fasting 
concentration, by the corresponding net increase of blood 
glucose concentration to show the same abnormality in 
diabetics. These ratios are of more than theoretical 
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interest as a diminished ratio (insulinogenic index or I/G) 
has been used as eyidence for diminished insulin release in 
diabetes. 
The use of these ratios has been criticised by 
Peterson and Reaven (1971), who have shown that an increase 
in the oral glucose load results in a greater insulin 
release without a correspondingly large increase in plasma 
glucose concentration in normal subjects. Therefore, an 
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increase in the glucose load resulted in an increase in the 
I/G ratio suggesting that it is glucose load, rather than 
the glucose concentration which determines the magnitude 
of the plasma insulin response. 
Olefsky et al (1973a) obtained similar results using 
constant glucose infusions in anaesthetised dogs to show 
that the glucose load rather than the plasma glucose 
' concentration produced changes in plasma insulin concentrations. 
Their results "suggested that the level of blood glucose 
may not be the primary determinant of the insulin response 
to glucose during the chronic phase of insulin secretion". 
To explain the high plasma insulin concentrations and 
glucose intolerance in the maturity onset diabetics, one 
must return to the original suggestions made by Yalow and 
Berson (1960). They proposed the following possibilities: 
(1) abnormal tissues with a high threshold for the action 
of insulin, 
(2) abnormal insulin that acts poorly with respect to 
hormonal activity in vivo, but reacts well immuno-
logically in vitro, 
(3) an abnormally rapid inactivation of hormonally active 
sites, but not of immunologically active sites on 
the insulin molecule and, 
(4) the presence of insulin antagonists. 
It becomes necessary to define now a number of new 
terms. 
Insulin resistance and ~nsulin sen~it~vity 
Insulin resistance implies a lower than normal rate 
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of full of the blood sugar level following the administration 
of exogenous insulin. The converse, insulin sensitivity, 
would be demonstrated by an increase in the rate of fall of 
blood sugar concentration during the insulin tolerance 
test (Cerasi and Luft, 1969; Frohman et al, 1972). 
It is generally accepted that insulin resistance as 
defined above is often associated with fasting hyperinsulinae-
mia (Berson and Yalow, 1965; Porte and Bagdade, 1970; 
Goldfine et al, 1973). High fasting concentrations of 
plasma insulin are often used as evidence for insulin 
resistance, although Frohman et al (1972) have questioned 
this concept. 
Olefsky et al (1973b) assessed the degree of insulin 
resistance to exogenous insulin by measuring the steady 
state plasma glucose concentration, during the infusion of 
glucose plus insulin with epinephrine and propranolol. 
The last two mentioned reagents inhibit the release of 
endogenous glucose and insulin. Thus similar circulating 
levels of exogenous insulin were achieved in all their 
subjects and the steady state plasma glucose concentration was 
used as a measure of resistance to insulin mediated glucose 
transport. They showed a highly significant (p<0.0001) 
correlation between the fasting plasma insulin concentration 
and the degree of insulin resistance as they have defined 
it above. 
In this thesis the rate of decline in the blood 
glucose concentration, after intravenous insulin administration, 
has been used as an index of insulin sensitivity. The 
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demonstration of a high fasting plasma insulin concentration 
in the presence of a normal (or high} fasting blood glucose 
concentration has also been used as evidence of insulin 
.resistance. 
Other workers (Heard and Henry, 1969a; Alleyne et al, 
1972) have used the rate of fall of blood glucose 
concentration following the administration of glucose plus 
insulin (Kg+i) as their index of insulin resistance. 
However, Kg+i has not been substantiated as an index of 
insulin resistance and its use has produced some anomalous 
results. 
Much of the confusion about ·insulin resistance arose 
from the failure of investigators to demonstrate a relation-
ship between insulin release and intravenous glucose 
tolerance. This may have been due to a delay in taking 
samples for the determination of plasma insulin concentrations, 
or due to attempts to relate glucose tolerance to the total 
insulin response. 
Lerner and Porte (1971) have shown that it is the 
acute insulin response (the insulin peak 3 - 5 minutes after 
an intravenous glucose load}, which correlated best with Kg 
(the glucose disappearance rate). The total insulin 
response measured . throughout the intravenous glucose 
tolerance test correlated poorly with Kg. 
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CHAPTER 4 
THE INTERPRETATION OF' . IN VIVO . EXPERIMENTS 
At a time when everyone else perfuses isolated organs, 
incubates bits of tissue, or assays enzymes in submicroscopic 
particles, no apology will be offered for the fact that most 
of these studies were performed in the intact animal. On 
the simple principle that the whole is often more (or 
different) to the sum of its individual parts, an in vivo 
study is still the final testing ground of the relevance of 
more sophisticated experimentation. 
There are, however, certain problems, peculiar to the 
interpretation of in vivo studies of insulin release. 
These are dealt with below. 
In comparing the response of different groups of 
animals to various stimuli, peripheral plasma insulin levels 
have been used as an index of insulin secretion from the 
pancreas. However, as has been pointed out by others 
(Mayhew et al, 1969; Wright, 1972), changes in the peripheral 
insulin values depend on: 
(1) The volume of distribution of insulin, 
(2) The rate of removal of insulin by the liver and other 
tissues, 
(3) The rate of insulin secretion by the beta cells of the 
islets. 
It is, therefore, necessary to show that factors (1) and (2) 
above are similar in all groups of animals before ascribing 
changes in peripheral plasma insulin levels to the rate of 
insulin secretion by the pancreas. 
.1. · The volume of distribution of insulin 
The volume of distribution of a substance (S) is 
defined by Riggs (1963} as the volume of solution which, 
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if it had a uniform concentration would contain the same 
total amount of Sas is distributed about the entire system 
at equilibrium, i.e. when there is no net transfer of S 
between compartments . 
It has been shown that both in the ~at (Rasio et al, 
1965) and in man (Rasio et al, 1967), both irrununoreactive 
insulin and glucos~ equilibrate rapidly with the inter-
stitial fluid. In man the mean volume of insulin 
distribution was found to approximate 26% of body weight for 
an inulin space of 23%, while the glucose space was found 
to be 34% of body weight (Rasio et al, 1967). 
The glucose space measured with a constant infusion 
technique in normal and diabetic dogs (Searle et al, 1954), 
was found to be of the order of 30% of the dog's weight, 
in accord with the assumption that glucose was distributed 
over the extracellular space. Injection of insulin 
into diabetic dogs did not affect glucose space in these 
studies. 
From the above one may conclude that glucose and 
insulin equilibrate rapidly with the extracellular space, 
and that it is reasonable to use the glucose space as an 
index of the extracellular space. 
Berson and Yalow (1965) have also reported that insulin 
has a volume of distribution similar to the extracellular 
fluid volume. 
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2. The r a t e of d is appearan ce o f i nsul i n f r om t h e pla s ma 
Samols and Marks (1966) measured t h e d isappearance 
rate of endogenous insulin in humans after prolonged intra-
venous infusion of glucose plus glucagon, and obtained 
results that were close to those of ¢rskov and Christensen 
(1966) who measured the half life of exogenous human insulin. 
Rasio et al (1967) obtained similar results using the 
endogenous insulin disappearance rate after intravenous 
glucose administration. 
Although giving no information as to which tissue is 
predominantly responsible for insulin removal, this simple 
method does give some indication of the total removal rate 
of insulin from the extracellular compartment. In this 
study, the endogenous i nsulin disappearance rate after 
intravenous glucose has been compared in two different 
groups of animals, and assumed to be a measure of insulin 
degradation. 
Do peripheral plasma insulin levels reflect portal insulin 
concentrati·ons? 
Blackard and Nelson (1970) catheterised the portal vein 
in humans and found a significant positive correlation 
between portal vein and peripheral vein plasma insulin 
concentrations in response to glucose infusion. This 
positive correlation was also found in diabetics (Blackard 
and Nelson, 1971). 
Erwald et al, (1973) have shown t hat in patients with 
pancreatitis, a low increase in t h e peripheral venous 
plasma insulin concentration after oral glucose loading, 
was not invariably accompanied by a poor insulin concen-
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tration in the portal blood. The fractional reduction 
of insulin concentrations between the portal and the 
peripheral venous blood was not constant, but tended to be 
higher at a high ,than at a low portal insulin concentration. 
Portal vein insulin concentrations, after oral glucose, 
have been measured in this work and show that the peripheral 
insulin concentrations do reflect pancreatic vein insulin 
concentrations. 
However, because of the reported fluctuations in the 
hepatic insulin extraction rate, it was felt inadvisable 
to calculate total insulin release from periphera~ plasma 
insulin concentrations, but limit the study to the early 
insulin release. 
Summary 
Experimental evidence is quoted to indicate 
(1) that insulin and glucose equilibrate rapidly (within 
10 minutes) with interstitial fluid and 
(2) both appear to have similar volumes of distribution 
equivalent to the volume of the extracellular fluid 
compartment. 
(3) Peripheral plasma insulin levels parallel the changes 
in portal insulin concentrations after intravenous glucose 
loading in both normal and diabetic humans. 
(4) However, after an oral glucose load, at least in 
pancreatitics, the fraction of insulin extracted by the 
liver is not constant. 
It would thus appear reasonable to assume that early 
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changes in peripheral plasma insulin concentrations reflect 
changes in the rate of insulin secretion from the pancreas, 
but that total insulin release could not be calculated 
from peripheral plasma insulin concentrations because of 
possible variations in hepatic extraction of insulin . 
CHAPTER 5 
A' 'SUMMARY . OF . PART . I 
The aims and significance of this study have been 
stated and some terms and concepts defined. It should 
immediately be obvious that there is ample scope for 
confusion 
(a) in defining the types of malnutrition that 
exist, 
(b) in defining glucose tolerance, 
(c) in defining and measuring insulin release, and 
(d) in attempting to relate glucose tolerance to 
insulin release. 
The following decisions were made on the basis of 
information provided in this Introduction. 
(1) To avoid confusion, one group of animals would be 
arbitrarily designated as having normal glucose tolerance 
and insulin release. All other groups would be compared 
to this group. 
(2) Since plasma insulin and blood glucose concentrations 
would be compared directly, and since all stimuli would be 
given in a dose related to body weight, it would be 
necessary to demonstrate similarity of 
(a) total body water content and 
(b) extracellular fluid volume 
in these animals. 
(3) Since insulin release may be provoked by many drugs, 
hormones and metabolites, and since they may act via 
different biochemical mechanisms, it was decided to use 
25 
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more than one stimulus of insulin release. 
(4) Since the early change in insulin concentration was 
most important in determining glucose tolerance, early 
sampling would be necessary after oral and intravenous 
glucose. 
(5) Since the beta cell of the pancreas is the final 
pathway of insulin release, it becomes important to assess 




Protein-calorie malnutrition: A review of the literature 
''I don't think they play at all fairly", Alice 
began, in rather a complaining tone, "and they 
all quarrel so dreadfully one can't hear oneself 
speak - and they don't seem to have any rules 
in particular; at least, if there are, nobpdy 
attends to them - and you've no idea how confusing 
it is all the things being alive". 
Lewis Carroll 
Alice's Adventures in 
Wonderland . 
CHAPTER 6 
SOME PATHOLOGICAL FEATURES OF HUMAN 
· PROTEIN'"'CALORIE . MALNUTRITION 
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No attempt will be made to give an account of all the 
pathological features of human protein-calorie malnutrition, 
since these have been adequately reviewed by others 
(Trowell et al, 1954a; Jelliffe, 1959). Instead changes 
in two organs, the pancreas and the liver, are described 
and their possible relationship discussed. 
The Liver 
Waterlow (1948) and Davies (1948) have described 
fatty infiltration of the liver in human malnutrition. In 
severe cases, fat may be found in nearly every hepatocyte 
and fat may constitute as much as 50 % of the wet liver 
weight (Waterlow, 1948). In less severe cases fatty 
infiltration of the liver is believed to begin with the 
accumulation of small droplets in the cells at the 
periphery of the lobule, and then spread to involve cells 
in the centrilobular region. So characteristic is the 
lesion, that Davies (1948) would suspect a complicating 
illness if fatty infiltration of the liver was found to be 
predominantly centrilobular in distribution. Although 
round cell infiltration of the portal tract has been 
described (Campbell, 1956), it is uncertain whether fatty 
infiltration does eventually lead to cirrhosis (Trowell 
et al, 1954b). 
The Pancreas 
Normet (1926) is reported in a recent review 
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(Pitchumoni, 1973} to be the first to note pancreatic 
atrophy in children dying of kwashiorkor. Changes in the 
exocrine pancreas were also observed by Waterlow (.1948) ::.n the 
British West Indies, by Davies (i948} in Uganda, Veghelyi 
et al (1950a) in Hungary and Campbell (.1956) in South Africa. 
These changes are reported to progress from simple atrophy 
of the acinar cells to hyaline changes and tubular 
dilatation, and to end eventually in extensive loss of 
acinar tissue with pancreatic fibrosis (Davies, 1948). 
Numerous reports of diminished pancreatic exocrine 
func tion in malnutrition, as reviewed by Pitchumoni (1973), 
appear to corroborate the pathological changes described 
in the exocrine pancreas. 
Pancreatic Islets 
While most workers have agreed that the acinar tissue 
is abnormal in human protein-calorie malnutrition, reports 
on the pancreatic islet tissue have been scanty or conflicting. 
Davies (1948) reported islet hypertrophy and possibly 
hyperplasia in the early stages, with disappearance of 
pancreatic islets later . Camain and Pierchon (1954) 
reported a true increase in the size of the islets with a 
decrease in the number of alpha cells and an increase in the 
number of beta cells. Campbell (1956) and Veghelyi (1950a) 
reported that islet tissue was not affected, while others 
(Bras et al, 1956; Ramalingaswami, 1969) have made no comment 
on the pancreatic islet tissue at all. Trowell et al 
(1954c) commenting on some of the earlier work which had 
suggested either islet atrophy or islet hypertrophy, said 
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that the "islets do not seem to have actually been measured 
and no cytologic c hanges have been mentioned''. 
Wha:t is the relati·onshi'p· between· the· p·a·ncreatic a·nd 
hepatic changes in protein-caio·rie· rnalnutriti·on? 
Davies (1948) pointed out that while acute kwashiorkor 
was associated with fatty infiltration of the liver, in the 
later stages of the disease this pathology was not obvious. 
Recalling that fatty infiltration of the liver had been 
described in pancreatectomised dogs kept alive with diet 
and insulin, he felt that it was the loss of the exocrine 
pancreatic tissue tha t caused the fatty changes in the 
liver. Bras et al (1956) did a careful statistical 
analysis of the relationship between hepatic fatty infiltra-
tion, pancreatic pathology, renal pathology and clinical 
malnutrition. They concluded that there was a positive 
association between the presence of malnutrition and 
pancreatic pathology, irrespective of the presence or 
absence of fatty change of the liver. It would appear 
from the above that the pancreas was more sensitive to 
the effects of malnutrition than the liver. 
A possible mechanism relating pancreatic damage 
to ·f a:tty ·infiltration of the liver 
Since the pancreatic damage described in malnutrition 
preceded fatty infiltration of the liver, a causal relation-
ship between the two was sought. Gillman and co-workers 
(Gillman and Gilbert, i958; Gillman et al, 1962) have 
demonstrated a massive increase in hepatic fatty infiltration 
of the liver within 48 hours of discontinuing insulin 
treatment in pancreatectomised dogs. They suggested that 
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diminished pancreatic endocrine function caused fatty 
infiltration of the liver, By changing the endocrine 
environment e.g. by hypophysectomy, or administration of 
cortisol and thyroxine, they were able to alter the degree 
of fatty infiltration in the liver after discontinuing 
insulin therapy in pancreatectomised baboons (Gillman et al, 
1962). This would suggest that endocrine function in 
general,and pancreatic beta cell function in particular, 
play some role in the pathogenesis of fatty infiltration 
of the liver. 
A possible relationship between the pancreatic 
exocrine and endocrine function 
The acinar tissue, rather than the islet tissue of 
the pancreas,appears to bear the brunt of the pathological 
changes found in protein-calorie malnutrition . However, 
diminished pancreatic islet function has been suggested as 
the cause o f the fatty liver of malnutrition. It may be 
argued that the islets, though histologically normal, are 
functi oning poorly, and that healthy exocrine pancreatic 
tissue is necessary for normal pancreatic endocrine function . 
In fact it has been shown that patients with known exocrine 
pancreatic dysfunction did not have a normal insulin 
response to oral glucose, although their insulin response 
to intravenous glucose was normal (Raptis et al, 1971) . 
Since oral glucose has been shown to stimulate the release 
of gut hormones and these hormones stimulate insulin release 
(Youngs, 1972), Raptis and co-workers (l971) suggested 
that healthy exocrine pancreatic tissue _ appeared to be 
necessary for the normal insulin response to these gut 
hormones. Experimentally induced pancreatic exocrine 
insufficiency in rats iJn?aired thejrinsulin response to 
secretin without affecting their insulin response to 
pancreozymin and glucose (Goberna et al, 1971). It may 
be concluded from this experiment that at least one 
intestinal hormone, secretin, requires the presence of 
intact exocrine tissue to produce its effect on insulin 
secretin. 
Infection in ·protein-calorie malnutrition 
Campbell (1956) found from his necropsy experience 
that infections played a predominant role in precipitating 
the malnourished child into serious illness and eventual 
death. In 31 of the 40 children he examined, the lungs 
showed microscopical evidence of pyaemic abscesses or 
bronchopneumonia with or without abscess formation and 
pleurisy. Pyaemic abscesses were found in the kidneys 
of 3 children. Since clinical evidence of infection 
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was not apparent in many of these cases, antibiotic 
administration has since become part of the routine treatment 
of children with severe protein-calorie malnutrition in 
Cape Town (Hansen, 1968). Infection may also play an 
important part in the pathology of human protein-calorie 
malnutrition, since toxins have been shown to induce 
pancreatic and hepatic damage in well-nourished animals 
(Veghelyi et al, l950b). 
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SUMMARY 
i. Fatty infiltration of t h e liver and acinar atrophy 
of the pancreas occur frequently in human protein-calorie 
malnutrition. 
2. There is some evidence to suggest that the pancreatic 
pathology precedes the hepatic damage and may even cause it. 
3. Abnormal pancreatic endocrine function has been 
implicated in the pathogenesis of fatty infiltration of the 
liver . 
4 . Reports on pancreatic islet pathology are sometimes 
conflicting but most often negative. 
5. Infection has been reported to occur frequently in 
human pro tein-calorie malnutrition and may contribute to 
both the hepati c and pancreatic pathology described . 
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CHAPTER 7 
GLUCOSE TOLERANCE AND. TNSULTN RELEASE "IN 
HUMAN PROTEIN-CALOR,TE . MALNUTRITION 
While there appears to be general agreement that 
protein-calorie malnutrition is associated with glucose 
intolerance and diminished insulin release (Mi lner, 1972), 
conflicting reports do however appear in the literature. 
It is the intention in this short review to draw 
attention to the differences either in the results or in 
the conclusions of some workers in order to: 
1 . Stress the problemsaf interpreting glucose tolerance 
and insulin release in human malnutrition. 
2 . Indicate the necessity for animal experimentation. 
A. Differences in the patients selected for study 
Some investigators have confined their study to patients 
with either marasmus (Tisdall et al, 1925a; Brown, 1925; 
Oxman et al, 1968) or kwashiorkor (Slone et al, 1961; 
Baig and Edozien, 1965). In some studies children with 
marasmus and kwashiorkor are included and distinctions 
drawn between the results (Bowie, 1964; Hadden, 1967), 
while in other investigations the two groups are combined 
and no distinction made in reporting results (Alleyne and 
Scullard, 1969; Milner, 1971a; Milner, 1971b; Becker 
et al, 1971; Alleyne et al, 1972). 
B. Differences due to the nature and ·interpretation 
o·f the tolerance test used 
Glucose tolerance tests have been used in studies in 
human malnutrition for a number of reasons: 
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1. As a test of glucose absorption from the gut (Brown, 
1925; Tisdall, 1925a). 
2. As an index of liver function (Holmes and Trowell, 
1948; Niemeyer and Meneghello, 1950). 
3. As an index of pancreatic beta cell function (James 
and Coore, 1970a; Becker et al, 1971; Milner, 1971a) . 
Since many extrapancreatic factors influence oral 
glucose tolerance it is not surprising that results are 
difficult to interpret. Oral glucose tolerance has been 
described as either normal (Brown, 1925; Tisdall, 1925a), 
flat (Bose et al, 1946; Chaudhuri, 1948), persistently 
abnormal (James and Coore, 1970a), or variable (Baig and 
Edozien, 1965; Becker et al, 1972) in malnourished patients. 
In view of the variability of oral glucose tolerance 
between individuals even.in one study (Baig and Edozien, 
1965), and the reported malabsorption of glucose in 
malnutrition (James,1968), the intravenous glucose 
tolerance test has been used most commonly (Slone et al, 
1961; Bowie, 1964; Hadden, 1967; Oxman et al, 1968; Milner, 
1971a; Alleyne et al, 1972). Becker et al (1971) 
performed oral and intravenous glucose tolerance tests in 
malnourished children. They calculated I/G ratios in 
an attempt to relate the insulin response to the glycaemic. 
stimulus (see Chapter 3). 
C. Differences in the selection of control patients 
Both the oral and intravenous glucose tolerance 
tests must be interpreted in terms of some "normal" 
standard. Some investigators have used patients as their 
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own controls comparing glucose tolerance or insulin responses 
before and after treatment (Milner, 1971a; Becker et al, 
1971), while others have compared their malnourished subjects 
with a different group of children, previously malnourished 
but now recovered (Alleyne and Scullard, 1969; Milner, 1971b; 
Alleyne et al, 1972). Other investigators have compared 
their malnourished children with well- nourished subjects 
from the same general population (Bowie, 1964; Cook, 1967; 
Oxman et al, 1968; James and Coore, 1970a). Differences 
in the selection of control patients account for some of 
the differences in results. 
D. The problem of intercurrent illness 
Infection is a common complication of malnutrition 
(see Chapter 6) and has been shown to have an effect on 
gluco se tolerance (Tisdall, 1925b). Improvement in 
glucose tolerance and insulin release after treatment in 
hospital may reflect the efficacy of antibiotic treatment, 
often given r outinely (Hansen, 1968; Alleyne and Scullard, 
1969), rather than the improvement in nutritional status. 
Becker et al (1971) excluded patients with overt infection . 
However postmortem' material from the same hospital (Campbell 
1956) has shown that infective processes may not be obvious 
clinically. 
E. Problems caused by indirect methods of studv 
Ethical considerations limit the number and nature of 
tests that may be performed on young children. Thus 
indirect metho ds have been devised which are often difficult 
to interpret. The use of the oral glucose tolerance 
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test as an index of glucose absorption has already been 
menti.oned and the intravenous glucose tolerance test has 
been used as an index of liver function (Niemeyer and 
Meneghello, i950}. 
A comparison of the glucose disappearance rate after 
the administration of glucose alone (Kg), and after the 
administration of glucose plus insulin (Kg+i) has been 
used as an indexof insulin sensitivity. Bowie (1964) 
found that Kg was equal to Kg+ i in kwashiorkor. Since 
additional insulin did not increase the glucose disappearance 
rate, he deduced that the impairment of intravenous glucose 
tolerance was not due to insulin lack but rather reflected 
insulin resistance. In his study however, Kg+ i 
values were not determined in the control patients. 
Alleyne et al (1972) found that Kg+ i was greater than 
Kg in both control and malnourished children, but since the 
Kg+ i of the latter was lower than the Kg+ i of the 
controls, he assumed that malnourished children were insulin 
resistant. 
Insulin resistance (Chapter 3) has been defined as the 
rate of fall of blood glucose concentration following 
insulin alone. The biological significance of the 
glucose disappearance rate following the administration of 
glucose plus insulin hasnot yet been determined and should 
not be used as a test of insulin resistance. Nor is 
insulin resistance compatible with the low fasting blood 
sugar in the malnourished children reported in the same 
paper (Alleyne et al, i972} and the low fasting plasma 
insulin concentrations found in malnourished children from 
the same unit (James and Coore, i970b). 
F. Othe·r causes· of co·nf licting re·p·o·rts 
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Regional genetic and dietetic factors may account for 
some of the reported differences in glucose tolerance and 
insulin release . The differences in methodology also 
play a part. Thus Baig and Edozien (1965) measured plasma 
insulin levels 15 minutes after intravenous glucose, at a 
time when the plasma insulin level had already fallen . 
Hadden (1967) measured only fasting plasma insulin 
concentrations, but this is a poor index of beta cell 
fun c ti on. Discrepancies within the same unit, will hot 
be dis c ussed (see glycaemic response to glucagon - Alleyne 
and Sc ullard (1969) and Milner (1971a). 
A summary of some of the effects of protein-calorie 
malnutrition on glucose tolerance and ~nsulin release 
1 . Differences between patients with marasmus and 
kwashiorkor 
Where intravenous glucose tolerance tests have been 
c ompared directly in patients with marasmus and kwashiorkor 
(Bowie, 1964; Hadden, 1967) glucose intolerance was found 
only in the latter group. In the paper by Hadden (1967) 
it appears that children with marasmus had a significantly 
lower age and weight than those with kwashiorkor. Oxman 
et al (1968) found marasmic children to have impaired 
intravenous glucose tolerance. Since the clinical and 
biochemic al differences between these groups are not always 
clear, recent investigators have combined their cases o f 
kwashiorkor and marasmus. 
2 •· Tns11lin· r·e·1e·ase 
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When adequately performed,tests of insulin release 
have been shown to be impaired in protein-calorie malnutri
-
tion (James and Coore, l970a; Milner, .19 7.l a; Becker et al
, 
1972; Milner, 1972). James and Coore (1970a) regarded the
 
impairment of insulin release as being a permanent one, 
Becker et al (1971) reported that most patients improved 
within 3 months. They demonstrated that "healthy" 
patients, who had been admitted to hospital for malnutritio
n 
10 years previously, had normal insulin release when compa
red 
with their siblings. However, both the previously 
malnourished group and their siblings were below "normal" 
weight. 
3 . Insulin resistance 
Evidence of insulin resistance in protein-calorie 
malnutrition is poor being based either on indirect eviden
ce 
(Bowie, 1964; Alleyne et al, 1972) or on selected cases 
from a large group (Becker et al, 1972). 
Conclusion 
It may be generally accepted that glucose intolerance 
and diminished insulin release occur commonly in patients 
with protein-calorie malnutrition. However, these 
studies do not reveal the cause of the glucose intolerance
 
since other factors such as an intercurrent illness may be
 
responsible for the glucose intolerance and diminished 
insulin release. 
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Different workers vary in the type of patients they 
select for study and for use as controls. This, as well 
as regional, genetic or dietetic g actors may account for 
some of the discrepancies in the literature. Differences 
in experimental methodology, and the use of indirect methods 
for the determination of glucose absorption or insulin 
resistance,have only . added to the confusion. 
Consideration of all these problems must lead one 
to conclude that investigations on experimental animal 
models of protein-calorie malnutrition are fundamental to 
our understanding of the relationship between glucose 
tolerance, insulin release and nutritional status. 
CHAPTER 8 
GLUCOSE ._ TOLERANCE AND . INSULIN RELEASE 
TN 'EX'PERTMENTAL' ANIMAL . MODELS' OF PROTEIN.-
. CALORIE MALNUTRITI"ON 
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There are limitations both as to the number and nature 
of investigations that may be conducted in malnourished 
humans . Furthermore, human protein-calorie malnutrition
 
is often complicated by infections and these alone may 
produce glucosefutolerance. The duration of malnutritio
n 
and the nature of the diet of the individual children is 
often uncertain. These constitute the main indications 
for the use of experimental animal models of protein-
calorie malnutrition, the advantages of which are . summaris
ed 
below: 
1. A homogeneous population may be studied, 
2. The composition of the diet is known, 
3. The age at onset and duration of the dietary deficienc
y 
is known, 
4. Potentially hazardous investigations may be performed 
on animals, 
5 . Animals may be killed in order to analyse body 
constituents. 
Despite these advantages many of the inherent defects 
of human studies have not been corrected in animal investi
-
gations. Two possible reasons for this are: 
1. Attempts on the part of the investigator to produce al
l 
the clinical, biochemical and pathological features of 
protein-calorie malnutrition in experimental animals, 
2. The use of indirect methods of investigation. 
1. Attempts to reproduce all the features of human 
protein-calorie malnutrition in experimental animals 
Investigators have gone to extraordinary lengths 
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to convince the clinician that their animal models are valid 
facsimiles of human protein-calorie malnutrition . 
The clinical investigator, understandably, will refer 
to that experimental animal work which is in accord with 
his own findings. Research workers abandon animal models 
that do not conform to the results of the clinical 
investigators. This situation, though satisfying to both 
groups fails to improve understanding or add to knowledge. 
While clinicians continue to argue about the clinical, 
biochemical or pathological features which may be used to 
distinguish different types of dietary deficiency, it would 
be naive to expect the animal research worker to provide an 
ideal animal model of protein-calorie malnutrition. 
many models have been produced (Kirsch et al, 1968b), 
confusing both to the reviewer and the research workers 
themselves . 
Instead 
Investigations into the effects of protein-calorie 
malnutrition on glucose tolerance and insulin release 
provide a good example. One group of workers (Platt, 
Heard and Stewart, 1964a) have: 
1. Investigated more than one species, pigs, dogs and rats 
(Platt et al, 1964a). 
2. These animals have been placed on different diets of 
varying protein and carbohydrate content (Platt et al, 1964b). 
3. Animals were investigated following various periods 
of dietary deficiency (Heard, i966}. 
This has resulted in: 
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l. a small number of animals being used in each test, 
making statistical evaluations of the results impossible. 
2. anomalies, illustrated by a comparison in insulin 
response between severe protein-calorie deficiency in pigs 
and marginal deficiency in dogs (Heard and Turner, l967, 
fig. 8, p. 104). 
3. problems of interpretation, as shown by the fact that 
glucose tolerance in malnourished animals may be declared 
better or worse than normal, depending on the age at which 
these animals were studied (Heard and Turner, 1967). 
2. Indirect methods of study 
Despite the opportunity for direct investigation 
offered by the use of experimental animals, inferences 
have been made from indirect evidence . Three examples 
are quoted below: 
(i) An impairment of glucose absorption in 
malnourished pigs has been based on: 
(a) the finding of normal glucose tolerance 
in the presence of impaired intravenous 
glucose tolerance (Platt et al, 1964d), and 
(b) the presence of pathological changes in the 
gut epithelium (Platt et al, 1964c). 
Glucose absorption has not been measured 
directly. 
(ii} Evidence for absolute deficiency of insulin in 
severe protein-calorie deficiency has been 
derived from histological evidence (Heard, 
l966, p.86}. 
(iii) The evidence for insulin resistance as the 
cause of the impaired glucose tolerance in 
protein-calorie malnutrition has been based 
on glucose disappearance rate following 
administration of glucose plus insulin 
(Kg+ i) (Heard and Henry, 1969a) . 
See the discussion in Chapters 3 and 7. 
Effect of protein-calorie malnutrition on glucose 
tolerance and insulin release in malnourished animals 
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Despite the criticisms outlined above, some valuable 
information may be obtained from these workers. 
1 . Glucose tolerance does appear to improve with age in 
normal animals (Heard and Turner, 1967; Heard, 1966; 
Heard and Henry, 1969a). 
2. Severe protein-calorie deficiency in pigs (Heard, 
1966) resulted in impaired glucose tolerance. 
3. Infections (e.g. toxocara canis in dogs) may 
temporarily impair glucose tolerance in both well-
nourished and malnourished animals (Heard and Turner, 1967) . 
4. There is marked variation in glucose tolerance not 
only between species but between litters of the same species 
(Heard and Henry, l969b). 
5. When plasma insulin-like activity was measured in dogs 
on diets of suboptimal protein value, insulin release after 
intravenous glucose was found to be extremely variable. 
The results de~ended on the biologtc~l assay method used 
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(Heard and Turner, J.967)_ .. Measurement of immunoreactive 
insulin revealed no difference in peak insulin concentrations 
following intravenous glucose in dogs on diets of different 
protein value provided that the intake was sufficient to 
prevent marasmus (Heard and Henry, 1969b). 
6. The workers quoted above have ascribed the glucose 
intolerance in normal young,and older protein-calorie 
deficient animals to insulin resistance on the basis of 
(a) normal plasma insulin concentrations or (b) an 
impairment in glucose disappearan ce rate after administration 
of insulin (Ki) or more commonly after administration of 
glucose plus insulin (Kg+ i). 
Conclusion 
Glucose intolerance has been described in protein-
calorie malnourished animals and this has been said to be 
due to insulin resistance rather than diminished insulin 
elease. 
Deficiencies in the work of others, either in 
experimental methodology or in the interpretation of results 
allows room for yet another investigation into· the effects 
of protein-calorie malnutrition on glucose tolerance and 
insulin release in an experimental animal. 
This investigation would have to be limited to one 
species, on one diet, investigated after a fixed period on 
a protein-calorie deficient diet, in order to provide 
sufficient data for statistical analysis. 
Wherever possible, direct evidence would have to be 
found for either insulin resistance, impaired insulin 
release or impaired glucose absorption. 
Since other workers have demonstrated that glucose 
tolerance in normal animals varies with age, age..-matched 
controls would have to be used. 
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PART III 
Experiments Results Conclusions 
"Consider your verdict", the King said to the 
jury. "Not yet, not yet!" the Rabbit hastily 
interrupted. 
before that!" 
"There's a great deal to come 
Lewis Carroll 
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Alice's Adventures in Wonderland . 
CHAPTER 9 
\ 
THE' . RAT ' MODEL 
Choice ·o·f e·xperimenta·1 ·ani:na·1 mo·del ·of p·rotein-
calorie malnutrition 
The rat was chosen as the experimental animal model 
for purely practical reasons. These were: 
1. The ease of breeding, housing and feeding rats made 
it possible to use many animals to provide enough data 
for statistical analysis. 
2. A suitable rat model of protein-calorie malnutrition 
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had been developed in the Department of Medicine (Stead and 
Brock, 19 7 2) . 
The rat model 
Unsexed, weanling rats of the Wistar strain, weighing 
approximately 30 grams and approximately 21 days old were 
placed on one o f two isocaloric diets. 
One diet contained 20% protein (casein) and the other 
contained 4% protein (casein) supplemented with methionineo 
Details of the diet are shown in Table 9.1. 
Six weanling rats from the same litter were randomly 
allocated to one of the two diets. Animals were housed, 
three per stainless-steel cage~ in an air-conditioned room 
(21 - 22°c) equipped with artificial lighting. Animals 
were allowed free access to food and water for three weeks. 
mable 9.1 
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20 % protein 4% protein 
g/lOOg diet 
20.0 4 . 0 
69.7 85 . 5 
4 .0 4 . 0 
1 . 0 1.0 
4 . 0 4 .0 
1 .0 l. 0 
0.3 0 . 3 
0.2 
Composition of mine r al mixture 
g/lOOg mixt. 
CaC03 29.29 
CaHP04. 2H20 0. 43 
KH2P0 4 34 . 31 
NaCl 25.06 
MgS0 4. 7H20 9.98 
Fe (C6H507).6H20 0~623 
CuS0 4 . 5H2 0 0.156 
MnS0 4 . 4H20 0.1 6 
ZnC1 2 0.02 
KI 0.0005 
(NH4 )6Mo 702 4.4H20 0.0025 
CHAPTER J.O 
EXPERIMENTAL' . DES 'IGN 
In order to avoid repetition this section fulfils 
three functions: 
1. To define some of the frequently occurring terms 
and their abbreviations used in the text, figures and 
tables that follow, 
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2. To describe the general experimental techniques and 
principles employed where these apply to more than one 
investigation, 
3 . To state the criteria used for assigning significance 
to any differences in mean values reported in the results 
of any investigation, and to define "normal responses" 
when comparisons are drawn between the groups of animals in 
the discussion of the results. 
Experimental animals 
Three groups of rats were used in this study: 
(i) Weanling rats: These were unsexed weanling rats 
of ·the Wistar strain, approximately 21 days old and weighing 
approximately 30g . In the tables and figures, results 
from this group appear under the heading "Weanling" . 
(ii) · 2 0% protein-fed rats: This term refers to weanling 
rats (as described above} which had been maintained for 
3 weeks on a 20% protein diet as described in Chapter 9. 
These animals were approximately 42 days old at the time 
of investigation. In the figures and tables this group 
has been designated 11 20% protein". 
(iii) 4% pr otein-fed rats: This term refers to weanling 
rats (as described above). investigated after they had been 
allowed free access for three weeks to a 4% protein diet 
as described in Chapter 9 .. At the time of investigation 
these animals were approximately 42 days old and are 
referred to in the figures and tables as "4% protein". 
As will be shown in Chapter ll, weanling rats 
although younger did not differ significantly in weight 
from the older 4% protein-fed rats. Weanling rats, 
therefore, were used as weight-matched controls. 
Rats on the 4% protein diet, designed to produce 
protein-calorie deficiency, . are referred to frequently 
as the protein-calorie deficient rats (or animals) and 
occasionally as the malnourished rats (or animals). 
The 20% protein-fed rats were well-nourished and 
were the same age as the 4% protein-fed rats. They 
form the main standard of comparison for the investigations 
that follow . 
Some general points important in the experimental protocol 
The housing and feeding of the animals have been 
described and this section deals only with the preparation 
of the animals for investigation, the handling of the 
animals during the tests, and the method of collecting 
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blood samples. Specialised techniques of sample collection 
or investigation are described in the appropriate chapter. 
l. Fasted rats 
Food was removed from the cages of the 20% protein 
and 4% protein animals at 5 p.m. on the day preceding the 
investigation. Weanling rats were removed from their 
mothers and litter mates, and kept in grou~s of three in 
cages similar to those used for the other two groups, 
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while fasting. All animals were allowed free access to 
water during their period of fasting. 
2. All investigations were done in the morning following 
the overnight fast. 
3 . All animals were killed after the experiments were 
completed. No animal was used for more than one 
experiment involving the collection of blood samples. 
4. Whenever possible, anaesthesia was avoided in view of 
reports of the effects of anaesthesia on glucose tolerance 
and insulin release (Davidson, 1971; Aynsley-Green et al, 
1973). In some tests e.g. the measurement of portal 
insulin and glucose levels and the measurement of serum 
potassium from cardiac blood samples, rapid ether 
anaesthesia prior to sample collection was used and the 
animals then killed. 
5. Unless otherwise stated, all samples were collected 
from a tail vein in the unanaesthetised rat, after warming 
the animal for at least 5 minutes in front of a fan heater. 
Where frequent blood samples were required, animals were 
kept warm in front of the heater throughout the test which 
never lasted longer than 30 minutes. In those tests that 
were prolonged beyond 30 minutes, the animals were kept 
away from the heater until 5 minutes prior to sample 
collection. 
6. Unless otherwise stated, tail vein blood samples were 
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used for the estimation of plasma insulin and blood glucose 
concentrations. The ani.mals were held by an experienced 
laboratory technician whtle the tip of the tail was 
amputated and blood collected into heparinised capillary 
tubes. Repeated blood samples on the small 4% protein-
fed and weanling rats were made possible by the 
development of micro methods for the determination of plasma 
insulin and blood glucose concentrations (described in 
Appendix A) . Only 50 µl of whole blood was taken per 
sample and this did not appear to have any adverse effect 
on the smaller animals. 
7. Oral and intravenous glucose as well as other 
intravenous stimuli to insulin release were given in a dose 
related to body weight. Every animal received 1 ml/lOOg 
body weight of the appropriately ·diluted drug or substance. 
8. All intravenous injections were given into a tail 
vein using a 26 gauge needle attached to a 1 ml graduated 
disposable syringe. Prior to injection the animal's 
tail was warmed for 2 minutes in water (5o 0 c). Where 
the intravenous injection failed, as shown by swelling of 
the tissues or difficulty in completingintravenous 
injection within 15 seconds, the test was abandoned. 
Determination of blood glucose and plasma· insulin 
·concentr·at·ions 
Blood glucose concentration was estimated on 5 µl 
of whole blood using a glucose oxidase method fully 
described in Appendix A. This method measures true 
glucose and not reducing substances. 
The plasma insulin concentration was determined using 
a double antibody radioi,mmunoassay t e c hnique, suitably 
modified for a 5 µl or io µl sample volume. (The details 
of the method are given in Appendix A}. This technique 
measures only iromunoreactive insulin (IRI} and may not be 
a reflection of biologically a ctive insulin . However, 
the close correspondence in mo st of these studies between 
the peak plasma insulin concentration attained and the 
ability to dispose of a glucose load suggests that IRI is 
a reliable measure of biologically active insulin. 
Method of reporting results 
1. Individual results of t h e tests are • recorded in 
Appendix B, with the weight of the animal on the morning 
of the investigation (i.e. the fasted weight) . 
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2. In all tables of results the mean and the standard 
error of the mean (SEM) appear as defined in Appendix A. 
3. In all the figures and tables which show the c hanges 
in blood sugar or plasma insulin concentration with time 
the following points should be noted: 
(a) Time 'O' refers to a basal blood sample, taken 
after an overnight fast and before any provocative stimulus. 
(b) Other time intervals recorded graphically or 
referred to in the text are a measure of time that has 
elapsed after completion of this stimulus. 
(c) The mean blood sugar level is recorded with 
vertical bars indicating the SEM. 
(d) Only median values for the plasma insulin 
concentrations are given, since these are not normally 
distributed (see Statistics, Appendix A) . 
Tnt~rpretation of Results 
The Student's t test was used for assessing 
significance of differences between means, where the data 
was found to be normally distrtbuted (see Statistics, 
Appendix A}. The Mann-Whitney U test was used where 
data was found not to have a normal distribution. 
For both these tests, p values greater than 0.05 
(p >0.05) are reported as being not significant. Unless 
otherwise recorded, significant differences have p values 
less than 0.05 (p <0.05). Where differences between 
means or medians are small but nevertheless statistically 
significant, they are reported in the results but are 
not necessarily discussed, unless felt to be of biological 
significance. 
Normal or Abnormal? 
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To facilitate discussion of the differences between 
the three groups of animals, the results of the 20% protein-
fed rats have been arbitrarily designated as "normal". 
Where terms require some standard of reference (e.g . 
glucose tolerance, diminished insulin release, or insulin 
resistance), the results reported for the 20% protein-fed 
rats have been used as that reference. 
CHAPTER .11 
· ASSESSMENT OF THE NUTRITIONAL STATE OF THE . RAT 
· MODEL · 
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Stead and Brock (i972} have already demonstrated that 
the young rats used in their study rapidly developed signs
 
of protein deficiency when fed a low protein diet. 
Since 
many of the tests in their study were not performed after 
the animals had been on the diet for 21 days, it was felt 
advisable t o measure some of those parameters commonly 
used a s evidence of protein-calorie malnutrition in humans
. 
·rnvestigations 
1 . · Animal weight Animals were weighed once a week . 
2 . · Serum albumin and total serum protein estirn:a:tions 
These were done on blood samples from the tail vein of 
fasted rats. Serum albumin was measured using the 
method of Doumas et al (1971) and total serum protein 
was estimated by the method of Lowry et al (1951). 
3 . · Liver fat was estimated in fasted rats by weighing the 
dry tissue before and after extraction with petroleum 
ether. 
4 . Total body water was determined by dilution studies 
using tritiated water. 
Methods 
Details of the methods used in the determination of 
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Comparison o f bo dy we i ghts of 4 % protein-fed 
and 20 % protein-fed rats. 
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· Results 
The change in body weight with time is recorded in 
fig,..ll.l and individual results in the determination of 
liver fat and total body water appear in Appendix B. 
(B23, B24, B25, B2l. 
appear in Table ii.i 
A swnmary of all these results 
TabTe· Tl • ..l 
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20 % Protein 4% Protein Weanlin9: 
93.l :±: 
+ 32.3 2: 0.6 
Weight 2.4 30.8 - 1.2 
( g) (12) ( 12) (24) 
Total body water 77.6 :±: 0.7 
+ 77.9 - 1.1 75.6 :±: 0.7 
(%bodyweight) (8) (7) 
( 5) 
Serum albumin 3.26:±: 0.06 
+ 2.12-0.08 3. 04:±: 0.05 
(g/100 ml) ( 12) (12) (13) 
Total 6.04:±: 0.16 
+ + 
serum protein 3.98-0.14 5.3 8- 0.09 
(g/100 ml) (12) (12) · ( 12) 
Liver fat 4.5 :±: 0.6 
· + 
9.7 -1.8 
+ 2.4 - 0.3 
(% dry liver weight) ( 8) ( 8) (10) 
+ 
Values represent Means - SEM. Numbers in parentheses 
represent n, the number of animals. 
1. Animal weight. It is apparent from fig.11.1 that rats 
on the 4% protein diet failed to gain weight. Examination 
of Table 11.l reveals a slight reduction in the body 
weight of the malnourished animals when compared to the 
weanling rats but this difference is not statistically 
significant. 
2. Serum albumin and total serum protein. 
(a} Serum albumin and total serum protein was significantly 
lower in malnourished rats than both the 20% protein-fed 
animals and the weanling rats (p< 0.001). 
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(b) Weanling rats had significantly lower serum albumin 
and total serum rrotein concentrations than 20% protein-
fed rats (J? <O. 0.1 and p<q O •. 005 respectively}. The 
magnitude of this difference was not as great as the 
difference between the 4% protein and 20% protein-fed 
' 
rats. 
3. Liver fat. 
(a) The 4% protein- fed rats had significantly higher 
concentrations of petroleum ether extractable lipids 
than bo th the 20% protein-fed rats (p<0.02) and the 
weanling rats (p<0 . 005). 
(b) Of all three groups, weanling rats had the lowest 
concentration of liver "fat" being significantly less 
than the 20% protein-fed rats (p<0.01). 
Frozen sections of the rat livers stained with Sudan 3 
showed that the increase in chemically extractable 
lipid in the malnourished animals was associated with a 
mild to moderate degree of periportal fatty infiltration
. 
However, b o th histologically and chemically the amount 
of fat present in the 4% protein-fed rats showed a 
great deal of individual variation. 
4 . The mean t o tal body water content expressed as a 
percentage of body weig·ht was similar in all three gFoups
 
o f animals . No statistically significant differences 
could be demonstrated . 
Di scus·s i on 
Young rats, after 3 week s on a low ~rotein diet , 
have been shovm to develop many o f the signs attributed 
to protein-calorie deficiency in humans. These are: 
1. Failure to gain weight, 
2. Significant hypoalbuminaemia, 
3. An increased concentration of liver fat. 
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There are, however, some differences in this rat model 
from other models of protein-calorie :inalnutri tion, as well 
as differences between the model described above and 
certain forms of human protein-calorie malnutrition. 
These are discussed below. 
A. Oedema 
There was no clinical evidence of oedema in these 
malnourished rats, but others have noted the difficulty of 
producing oedema in protein depleted rats (Ramalingaswarni 
and Deo, 1968; Widdowson and Mccance, 1957). Where 
clinical oedema has been reported in rats (Alexander 
and Sauberlich, 1957; Kirsch et al 1968a; Enwonwu and 
Sreebny, 1970), this has not been substantiated by the 
measurement of total body water. 
Schnieden et al (1958) reported an increase in the 
total body water of rats maintained on an exclusive cassava 
diet. It required 15 weeks on the abnormal diet, 
associated with marked loss of weight and a decrease in the 
serum albumin from 4. 2 g% to .1. 2 g% to produce an increase 
in total body water from 69.9% to 77.4%. 
It has been shown that a deficiency of lipotropic 
factors (Alexander and Sauberlich, i95]1 contributes to 
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the development of clinical oedema, which could be prevented 
by adding methyl com~ounds to the ~rotein deficient diet . 
Thus two factors (al the addition of methionine to the 
protein deficiency diet and (b} the short duration of 
protein- calorie deficiency may explain the absence of oedema 
in the rat model of Stead and Brock (1972). Total body 
water estimation in these animals indicates that there 
was no o ccult fluid accumulation. This negative 
finding had some value in that corrections did not have 
t o be made for differences in total body water in calculating 
the dose of drugs or glucose to be given to the three 
groups of animals. 
B. Dietary intake 
Dietary intake was not estimated during this study,_ 
but Stead and Broc k (1972) have shown in their paper that 
animals on the 4% protein diet had a reduced caloric intake. 
Since it is widely believed that in humans fatty liver and 
kwashiorkor are associated with a high caloric intake 
(Mccance, 1968), it may be argued that these animals do not 
have kwashiorkor. However, since the purpose of this 
study was to investigate tne effects of protein-calorie 
malnutrition on glucose tolerance and insulin release, it 
is immaterial whether these animals may or may not be 
labelled as suffering from kwashiorkor, A more cogent 
objection raised by Dr . du Plessis (1973) evolves around 
the difference in food intake of rats on high protein diet 
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as compared to those of a low protein diet. As well as 
a reduction in calories and proteins, there might also be a 
concomitant reduction in other nut~ients present in the 
diet, such as minerals and vitamins, Thus any differences 
shown between these two groups of animals may not be 
attributed solely to protein-calorie deficiency but might 
be the result of other deficiencies caused by their reduced 
intake. 
From the unpublished data of Mr. C. Melzer (1974) 
it appears that weanling rats placed on diets deficient in 
any one major constituent e.g. protein-free diets, vitamin-
free diets ·or mineral-free diets, all eat significantly less 
than control rats, fail to grow and die within 30 - 40 days . 
Even diets deficient in a single constituent such as an 
amino acid (Sidransky and Farber, 1958) or a single mineral 
such as potassium (Mondon et al, 1968) result in a reduced 
intake . Unless one resorted to unphysiological procedures 
such as force - feeding (Platt et al, 1962) there appears to 
be no way to demonstrate that the abnormalities found in the 
malnourished rat are due to either the protein, carbohydrate, 
mineral or vitamin deficiency. However it is important 
to note that rats fed ad lib either a protein-free diet 
(Platt et al, 1962) or a diet deficient in a single amino 
acid (Sidransky and Farber, 1958). did not show the 
pathological changes of kwashiorkor found in rats force-fed 
the same diets. Despite their reduced intake of food, 
the rat model of Stead and Brock (_1972} did, however, show 
some of the features of protein-calorie malnutrition and 
kwashiorkor. 
c. · 'Individual variation 
During t he course of this study it became apparent 
that some animals on a low protei.n diet lost weight and 
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died. It should also be noted that some of the control 
animals on the high protein diet also fared badly in that 
they did not reach their expected weight after 3 weeks. 
Stead and Brock (1972) commented that the "response was 
unrelated to food intake and appeared to represent a 
difference in metabolic adaptation of individual animals to 
dietary protein deficiency" . This individual variation 
was also reflected by pronounced differences in liver lipid 
concentrations between individual animals. In the 
investigations still to be reported, it was therefore 
decided to exclude those animals that did not adapt to 
their diet. The rats on a 20 % protein diet that failed 
to reach their expected weight at the end of 3 weeks, and 
those 4% protein-fed animals that continued to lose weight 
throughout the 3 week period have been excluded from further 
investigation . 
Because of a wide degree of individual variation 
results from individual animals are not discussed . (This 
data is available in Appendix B}. Only the differences 
in the means (or medians) of data from different groups of 
animals have been compared. 
CHAPTER J_2 
FAST'J:;NG BLOOD SUGAR AND PLASMA INSULIN 
CONCENTRATIONS 
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This investigation was done to determine whether 
all three groups of animals were able to maintain the same 
fasting blood glucose concentration. High fasting plasma 
insulin concentrations might also be used as an index of 
insulin resistance (See Chapter 3). 
Methods . (See Experimental Design, Chapter 10) . 
After an overnight fast, the rats were heated for 
5 minutes in front of a fan heater. Tail vein blood 
was collected into heparinised capillary tubes. Plasma 
insulin concentrations were measured on 10 µl samples of 
plasma (See Appendix A). 
Results (See Table B3 for individual results). 
Table 12.l shows the mean fasting blood glucose 
concentrations (~ SEM) and the medians of the fasting 
insulin concentrations (with the range). Numbers in 
parentheses refer ton, the number of animals . 
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Table J. 2 . . 1 
Glucose Insulin 
(mg/.100 ml} (ng/ml) 
20% Protein diet 94 :!: 4 0.99 (0.50-2.87) 
(J. 21 (.12) 
4% Protein diet .10.1 t 9 0.28 (0.02-0.85) 
(10} (10) 
Weanling 92 :!:: 3 0.79 (0.17-2.12) 
( 5) ( 11) 
There was no statistically significant difference in the 
mean blood glucose levels between any two of the three groups 
of rats studied. 
Rats on the 20% protein diet had fasting plasma 
insulin concentrations which were statistically higher than 
both the 4% protein-fed and weanling rats (p<0.002 and · 
p<0.05) respectively. Although the weanling rats had a 
higher median fasting plasma insulin concentration than the 
4% protein-fed animals, this difference was not statistically 
significant (0.05 < p<0.10). 
Conclusion 
Weanling and 4% protein-fed rats, despite fasting 
plasma insulin levels which were statistically significantly 
lower than those of the 20% protein-fed rats, were still 
able to maintain normal fasting blood sugar concentrations. 
This may be cited as evidence against the presence of 
insulin resistance in either the younger weanling rats or 
the protein-calorie deficient animals, since insulin 
resistance would have been characterised by higher fasting 
plasma insulin concentrations. 
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CHAPTER 13 
INTRAVENOUS' GLUCOSE . TOLERANCE . TEST 
Aims 
1. The determination of the glucose disappearance rate (Kg) . 
2 . Estimation of early insulin release following intravenous 
glucose administration. 
3. Calculation of the glucose space (used as an estimate 
of extracellular fluid volume). 
4. Estimation of the half disappearance time of endogenous 
insulin. 
Method 
After basal blood samples were taken, l ml/lOOg 
body weight of a 12 . 5% dextrose solution (125 mg/lOOg 
body weight) was injected into the tail vein of the rats. 
The animals were kept warm in front of the heater and blood 
samples taken at 3, 6, 10, 15, 20, 25 and 30 minutes after 
c ompletio n of the injection. Any delay in collecting 
the blood samples was noted and appear in the tables of 
individual results given on pages B4, BS and B6 . Blood 
glucose and plasma insulin concentrations were estimated 
on all samples. 
· Calculation of Kg 
The glucose disappearance rate (Kg} was calculated 
by using the method of least mean squares (see Appendix A) 
to find the slope of the line relating the logarithm of the 
absolute blood glucose concentration to time in minutes. 
The slope of this line X 100 was recorded as Kg i.e. the 
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percentage fall tn blood glucose concentration per minute. 
Calculation: ·of the glucose space 
The glucose volume (or space}, Vg, was calculated as 




A - Co 
Q = quantity of glucose injected 
A= the theoretical concentration of glucose at time zero, 
as calculated from Kg 
Co= the initial (fasting) blood glucose concentration 
Results 
These are shown in Table 13.l and in figure 13.1. 
The individual results are presented on pages B4, BS and B6. 
Table 13.l 
20% Protein 4% Protein Weanling 
5 . 29 + 0.57 5.23 + 0.30 - -Me an Kg ( ± S EM) 7 . 4 4 ::1:: 0 • 4 2 
Peak insulin (ng/ml) 10.9 3.5 2.8 
(Range ) ( 3 . 3 - 4 0 ) ( 0. 9 - 11.4) ( l. 2 - 7 . 5 ) 
34 + 2 41 + - - l Glucose space (±SEM) 35 + l 
(% body weight) 








o--Q 20% Protein 
C}•- •o 4 % Protein 
0----0 Weanlings 
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Insulin concentrations following intravenous 
glucose. 
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1. Intravenous glucose tolerance tests showed that the 20% 
protein-fed animals had Kg values significantly higher 
than both the 4% protein~fed rats and the weanling 
controls (p<0~0-1 and p~0.00-1 respectively) .. 
2 . Plasma insulin concentrations were significantly higher 
in the 20% protein-fed animals than both the 4% and 
weanling rats at 3, 6, 10 minutes (p<0.02). 
3. There were no statistically significant differences in 
the Kg values and peak insulin concentrations after 
intravenous glucose administration between the weanling 
and 4% protein-fed animals. 
4 . Insulin concentrations in all three groups of animals 
attained their peak value at the same time (3 minutes). 
There was no delay in insulin secretion in either the 
weanling or malnourished rats. 
5 . There was no statistically significant difference in the 
glucose spaces of the 20% protein and 4% protein-fed 
animals. Weanling rats however showed a significantly 
larger glucose space than both the 20% protein-fed and 
·the 4% protein- fed rats, (p<0.001 and p<0.01 respectively) . 
6. The mean half disappearance time (t~) of endogenous 
insulin, determined from fig.13.1, was approximately 8 
minutes in both the 20~ protein-fed and 4% protein-fed 
rats. Because of their low peak insulin concentration, 
t~ was not estimated for the weanling rats. 
Con·clusion 
Intravenous glucose tolerance is impaired in rats fed 
on a 4% protein diet and in weanling rats, when compared to the 
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20% protein-fed controls. This impairment in glucose 
tolerance is associa ted with a diminished insulin response 
in both the 4% protein-fed rats and the weanling rats. 
Discussion 
Method of calculating Kg 
There is general agreement that the fall in blood 
glucose concentration after intravenous loading may be 
described by an exponential equation. Controversy still 
exists, however, as to whether one should calculate Kg 
from the log of the absolute glucose concentration (Dyck 
and Moorhouse, 1966; Ikkos and Luft, 1957) or use the log 
of the glucose excess (the concentration of glucose in 
excess of the fasting blood sugar concentration) as 
originally advised by Arnatuzio et al (1953) and Duncan 
(1956). 
Butterfield et al (1971) found that the latter 
(incremental K values) did not discriminate between normal 
and diabetic subjects, whereas the absolute K values did. 
Korec (1973) found that the incremental K values could be 
used as a better discriminator between the mild and 
moderate diabetics. 
In this study "absolute K values" were used. 
Wh.a:t does· Kg mean? 
It is generally assumed that after allowing a suitable 
time interval for equilibrat ion, the rate of change of 
glucose concentration with time is a measure of glucose 
uptake by the tissues. There are, however, many factors 
affecting the rate of fall of blood glucose concentration 
and these are sununarised below: 
l. Urinary losses of glucose. 
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2. Equilibration of glu cose within the extracellular fluid 
compartment. 
3. Irreversible loss of glucose to the tissues. 
4. Gluconeogenesis. 
Ikkos and Luft (1957) have shown that in non-diabetic 
subjects urinary losses of glucose constituted only 4% 
of the administered dose and could for all practical 
purposes be neglected. Chernick and Scow (1958) using 
the same intravenous glucose load as was used for this 
study (125 mg/lOOg body weight), found that only 2 - 3% 
of the administered glucose was lost in the urine of rats. 
Thus urinary losses of glucose have not been taken into 
account in the calculation of either Kg or the glucose 
space in the present work. 
Franckson et al (1962) found that glucose equilibrated 
with the extracellular space by 15 minutes in humans, a 
result similar to that of Rasio et al (1967). It would 
appear reasonable to assume a much shorter time for 
equilibration of glucose with the extracellular fluid in 
rats than man in view of their small size and rapid 
circulation time. 
Some workers (Chernick and Scow, i958; Mondon et al, 
1968; Penhos et al, i97l; De Santis, i973) have taken 
their first blood sample io or is minutes after the 
intravenous glucose load, presumably to allow for the 
equilibration of glucose with the extracellular fluid. 
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It was found in this study, however, that the plot of 
the logarithm of the absolute glucose concentration against 
time gave a straight li.ne f:r;-om 3 .... 20 minutes in all cases, 
and in most animals this linearity was maintained up to 
30 minutes. Aynsley-Green and Alberti (.1973} have also 
used blood sugar values between 2.5 and 20 minutes to 
calculate Kg. After 30 minutes, blood glucose 
concentration no longer fell exponentially. This was 
presumably due to homeostatic mechanisms correcting the 
blood glucose concentration as it approached the fasting 
concentration. The correlation coefficient of the line 
relating the logarithm of the blood sugar concentration to 
time was greater than 0.96 in all the animals studied. 
The significance of Kg value and its relation to 
insulin release 
Lerner and Porte (1971) have shown that the Kg value 
correlated with the acute insulin response (3-5 minutes), 
whereas total insulin output correlated with the size of 
the glucose load. The importance of this acute insulin 
response is substantiated by the findings of Vranic et al 
(1971). They used fasted pancreatectomised dogs 
maintained on an intraportal insulin infusion sufficient 
to maintain glucose turnover and plasma concentrations of 
glucose, insulin and free fatty acids. These animals 
nevertheless showed a 50% reduction in their Kg values 
when compared to controls. This reduction in the Kg 
value was due to failure of inhibition of glucose 
production by the liver which is normally caused by acute 
insuli.n release. 
Thus early insuli.n release after intravenous glucose 
loading Cinhibi.ts gluco:3e l?roduction by the liver and is an 
important factor affecting the rate of fall of glucose 
concentration in the blood. 
Glucose space 
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Franckson et al (1962) found no statistical difference 
between the glucose space and sodium thiocyanate space using 
the method described above. In this study glucose space 
has been expressed as a percentage of body weight and may 
be regarded as an estimate of the extracellular fluid 
volume. The larger glucose space in the weanling rats, 
as compared to the other two groups, does not entirely 
account for . their lower insulin concentrations after 
intravenous glucose administration. 
Half disappearance time (t ~ ) of endogenous insulin 
This may be used as an index of insulin degradation 
and removal by the tissues (See Chapters 4 and 15). The 
20% and 4% protein-fed animals showed no difference in 
their meant~ values. 
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CHAPTER .14 
THE ORAL GLUCO'SE TOLERANCE TEST 
The insulin response to an oral glucose load has been 
reported to be greater than the insulin response to the same 
intravenous glucose load (McIntyre et al, .1964). This 
enhancement of the insulin response to oral glucose has 
been attributed t o the release of intestinal hormones or 
factors which act presumably by 'priming the S cells' and 
making them more responsive to the glycaemic stimulus 
(Creutzfeldt et al, 1970a; Youngs, 1972). 
Both the weanling and 4% protein- fed rats showed 
a diminished insulin response to an intravenous glucose 
load . It was important to discover if oral glucose 
administration would improve their insulin response or 
reveal differences between these two groups . 
Method 
Unanaesthetised fasted rats were given l ml/lOOg 
body weight of a 50% dextrose solution (500 mg/lOOg body 
weight} via an intragastric tube (a polythene catheter 
attached to the end of a 15 gauge needle). In 
administering the glucose load, care was taken to correct 
for the dead space occupied by the catheter and needle. 
Blood samples were taken at 5, .10, 15, 30, 45, 60 and 90 
minutes after the glucose load from the tail vein of the 
animal . Blood, glucose and plasma insulin concentrations 
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Fig. 14.1 Plasma insulin and blood glucose concentrations 
following an oral glucose load. 
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Results 
The mean blood sugar concentrations with t heir SE.M 
and the median plasma insulin concentrations are shown 
in fig . l4 . ..l. The individual results appear in Tables B7, 
B8 and B9 . 
A. Plasma insulin responses td oral glucose 
1. The peak insulin response following an oral glucose 
load occurred at 10 minutes . This applied to the median 
values of all three groups of animals studied. 
2. No statistically significant differences between the 
median insulin values of the 20% protein and weanling rats 
could be demonstrated except at 90 minutes when the weanling 
rats showed a higher plasma insulin concentration than the 
20% pro tein- fed animal (1 . 6 ng/ml vs 0.9 ng/ml p<0.02). 
3. The 4% protein- fed rats had plasma insulin responses 
which were significantly lower than the 20% protein- fed 
animals at 5 and 10 minutes (p<0 . 05 and p<0 . 02 respectively) . 
At 90 minutes however the plasma insulin concentration was 
higher in the 4% protein- fed rats than the 20% protein- fed 
contro ls (p<0 . 05) . 
4 . Although it would appear from the plot of median 
insulin con centrations (fig.14.l} that weanling rats had a 
greater early. insulin response than the 4% protein-fed 
animals, n o statistical significance could be found in the 
differenc e between these insulin concentrations . This 
was due t o the large degree of overlap between individual 
plasma insulin concentrations. 
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e. · Oral glucose tolerance 
If one accepts the oral glucose tolerance curve 
of the 20% protein-fed rats as being "normal" (See Chapter .10), 
a number of conclusions may be drawn. 
1. Weanling rats show the greatest degree of glucose 
intolerance. Their blood glucose concentrations were 
significantly higher than the 20% protein-fed rat at and 
after 10 minutes following the glucose load (p <0.005 in 
all cases) . 
2. The 4% protein-fed rats showed relatively mild glucose 
intolerance with blood glucose concentrations significantly 
higher than the 20% protein-fed animals at 15 and 30 minutes 
only (p<0.05 and p<0.001 respectively.) 
3. The fact that weanling rats were more glucose 
intolerant than the 4% protein-fed animals is shown by the 
fact that their blood sugar concentrations are significantly 
higher than the latter at 10, 15, 45, 60 and 90 minutes 
after oral glucose loading (p<0.05 at 45 minutes, in all 
other cases p<0 . 001). 
Conclusions 
With th~ results of blood glucose and plasma insulin 
concentrations from the 20% protein-fed animals as the 
standard, the following conclusions may be drawn: 
1 . The 4% protein-fed animals showed glucose intolerance . 
2. Glucose intolerance was more marked in weanling rats. 
3. The 4% protein-fed animals showed a diminished early 
insulin response to an oral glucose load. 
4. Weanling rats. had a normal insulin response during 
this same early period. 
It should be noted that the difference in early 
insulin response between weanling and 4% protein-fed rats 
was not statistically significant. Thus the insulin 
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response in weanling rats appears to fall between the 
responses of the 20% protein-fed and the malnourished rats. 
Depending on which group one chose as the reference standard 
their insulin response might be described as either normal 
or diminished. However, since it was decided earlier 
(Chapter 10) to use the 20% protein animal as the control 
and reference animal, the insulin response of the weanling 
rats will be regarded as "normal" for the benefit of this 
discussion. 
5. This study shows that oral glucose loading in rats 
produces a peak insulin response at 10 minutes and not at 20 
minutes as reported by Grey et al (1970) or 30 minutes as 
reported by Penhos et al (1971). These latter workers 
may have missed an early glucose peak at 15 minutes in their 
normal controls, which was reported by Donly (1961), as well 
as missing an early insulin peak at 10 minutes, which has 
also been found by Turner and Young (1973). 
Inferences and Interpretation 
It would appear from this study that oral glucose 
administration had improved the insulin response of weanling 
rats while producing no changes in the insulin response 
of the 4% protein-fed rats, both these groups of animals 
have been previously shown (Chapter 13) to have a diminished 
insulin response to intravenous glucose. This would 
suggest that weanling rats require the additional stimulus 
of some gut factor to "normalise" their insulin response to 
glucose . This gut factor or factors may be postulated as 
being either absent or ineffective in improving insulin 
release in malnourished animals, but this question has not 
been pursued in the present work. 
The 4% protein-fed animals despite their poor insulin 
response td an oral glucose load showed a relatively mild 
degree of glucose intolerance, as compared to the glucose 
intolerance of the weanling rats which have shown an 
apparently normal insulin release. This difference in 
glucose tolerance after an oral load,which was not apparent 
following an intravenous glucose load, prompted a number 
of further studies. The first was an investigation into 
insulin tolerance and the second was a test of the ability 
of these animals to absorb glucose. 
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. CHAPTER ·i s 
· T NTRAVENOUS . I NSULIN TOLERANCE TES T 
Indicati on s 
Himsworth (J.939 1 showed t h at the glucose intolerance 
caused by a carbohydrate deficien t diet in man was accomp anied 
by increased resistance to t h e action of exogenous insulin. 
Bowie (1964) reported that the intravenous glucose tolerance 
of children with kwashiorkor was not improved when insulin 
was given with the glucose intravenously. Some studies 
in glucose tolerance in malnutrition both in children 
(Alleyne et al, 1972) and in a n imals (Heard and Henry, 1969a) 
have indicated that insulin resistance is the imp ortant 
factor responsible for the glucose intolerance associated 
with malnutrition. However the investigation of insulin 
tolerance in the malnourished rats was prompted by the 
fact that weanling rats showed a more marked oral glucose 
intolerance than did the 4% protein-fed rats. In fact 
these results suggested that the weanling rats were either 
insulin resistant or that the malnourished rats were markedly 
insulin sensitive. 
The blood sugar concentration depends not only on t he 
action of insulin which tends to lower it, but also on the 
action of other hormones which tend to elev ate the blood 
sugar. The .action of these latter hormone s could be 
assessed during an intravenous insul in tole r ance test. 
The aims of the study were therefore t wo f old: 
J.. To determine whether weanling or 4% protein rats 
showed any difference in t heir sensitivity to t h e hypo-
. glycaemic action of exogenous insulin. 
2. To assess the ability of these animals to correct the 
insulin-i.nduced hyJ?oglycaem.ta. .. 
Method 
Fasted rats were given an intravenous injection of 
soluble beef insulin (Insulin B.P. Burroughs Wellcome (Pty) 
Ltd.) diluted in saline to provide a dose of 0.2 U/Kg body 
weight. Blood glucose levels were measured before and 
10, 20, 30, 45, 60, 90 and 120 minutes after injection of 
the insulin. 
Results 
Results are plotted in figure 15.l with individual 
results appearing in Tables BIO, Bll and Bl2 . 
1. There were no statistically significant differences 
between the mean blood glucose concentrations in the 3 groups 
of animals at 0, 10 and 20 minutes . 
2. The 4% protein-fed rats showed significantly lower 
blood glucose concentrations (p<0.02) at all time intervals 
after 20 minutes, when compared to 20% protein- fed rats. 
3. Weanling rats had blood glucose concentrations which 
were not significantly different from the 20% protein- fed 
controls at any of the times tested. 
4. Weanling rats had significantly higher blood glucose 
levels than the 4% protein~fed rats at 60, 90 and 120 
minutes following intravenous insulin administration 
(p<0 .05, p<;0.02, p<O.O.l resI?ectively). 
5, One-third of the 4% protein .... fed rats originally tested 
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l. If one use~ the rate of fall of blood glucose in the 
first 20 minutes following .;i..nsulin admi.nistration as an 
index of insuli.n sensitivity ( see Cha}?ter 3 }, then all 3 
groups studied appear to be equally sensitive to exogenous 
insulin. It is possible that a smaller dose o f insulin 
might have shown differences in insulin sensitivity between 
the groups of rats. 
2. The malnourished ( 4% protein-fed} rats were unable to 
correct the insulin-induced hypoglycaemia. 
3. Weanling rats (the weight-matched controls} were 
however able to correct the insulin-induced hypoglycaemia. 
Discussion 
Insulin resistance as defined earlier (Chapter 3) does 
not appear to be the explanation of the glucose intolerance 
with normal insulin release found in weanling rats, after 
an oral glucose load (Chapter 14). Nor does increased 
insulin sensitivity account for the comparatively mild 
glucose intolerance despite poor insulin release found in 
the 4% protein-fed rats, after a similar glucose load. 
The failure of the 4% protein-fed rats to correct 
· the insulin induced hypoglycaemia may have three possible 
explanations: 
i. An impairment in the degradation of insulin causing 
a prolonged insulin action, 
2. . An ;tmpairment of the release of hormones whi ch promote 
gluconeogenesis, such as glucagon and epinephrine, 
3. The failure of the liver to respond to these hormones. 
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The half disappearance time of endogenous insulin may 
be calculated from the median i.n::;ulin levels after an 
intravenous glucose load (Chapter iJ). This showed that 
the 20% protein and 4% protein~fed rats have similar 
half-disappearance times (approximately 8 minutes). 
Sacks (1974) from preliminary work in this Department fou
nd 
no difference in the ability of the isolated perfused liv
ers 
of 4% protein and weanling rats to dispose of exogenous 
insulin. For these reasons an abnormality in insulin 
degradation rate is thought not to be the cause of the 
prolonged hypoglycaemia in malnourished animals. 
Heard (1966) h.c.salso reported prolonged hypoglycaemia 
in malnourished pigs following intravenous insulin admini
-
stration. In the fasting state, however, these animals
 
responded to adrenalin with immediate hyperglycaemia, 
which was greater both in degree and duration than that o
f 
contro~ pigs. 
Alleyne and Scullard (1969) showed an increase in 
the hepatic levels of one of the key gluconeogenic enzyfue
s 
glucose-6-phosphatase in malnourished children. Liver 
phosphorylase concentrations were normal in malnourished 
children and they had a normal hyperglycaemic response 
to glucagon. 
foA the above rea$ons, the writer suspects a deficiency 
of glucagon, or rather an impairment of glucagon release 
in malnouris.hed r-ats as the possible cause of their inabi
lity 
to correct the insulin-induced hypoglycaemia. This has
 
however, not been investigated in the present study. 
·. summary 
There is no difference in insul
in resistance or 
sensitivity between the three g
roups of animals studied. . . 
Malnourished rats showed an ina
bility to correct insulin-
induced hypoglycaemia and gluca
gon deficiency has been 
suggested as a possible cause. 
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Since this investigation did no
t provide an explanation 
for the relatively mild oral gl
ucose intolerance demonstrated 
in the insulinopaenic 4% protei
n-fed animals, previously 
shown to have marked intravenou
s glucose intolerance, an 
investigation into glucose abso
rption was indicated. 
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CHAPTER ·.16 
GLUCOSE · ABSORPTION FROM . THE GUT 
The malnourished animals in these experiments have 
shown marked glucose intolerance following an intravenous 
load with only mild glucose intolerance following an oral 
load, despite the fact that insulin release was significantly 
impaired in both cases. The relatively mild impairment 
of oral glucose tolerance is not a unique finding . Thus 
Platt et al (1964d) reported that oral glucose tolerance 
testing in malnourished pigs appeared to indicate "an 
abnormally high tolerance for glucose" whereas intravenous 
glucose administration revealed markedly impaired glucose 
tolerance . They attributed this difference in response 
to impaired glucose absorption, since their malnourished 
pigs also showed abnormalities in the gut epithelium 
(Platt et al, 1964c). Thus many workers have ch osen the 
intravenous glucose tolerance test to assess glucose 
tolerance in malnourished animals "to avoid (the) 
complications arising from malabsorption which commonly 
occurs in protein-calorie deficiency" (Heard and Henry , 
1969b, page 382). Since the evidence for impaired 
glucose absorption appeared circumstantial rather than 
direct, it was felt necessary to investigate glucose 
absorption in the malnourished rat model. 
Methods 
Many techniques for the investigation of intestinal 
absorption in vivo have been described (Smyth,i96.l}. 
However, the technique used here was the simple one devised 
by Cori (i925) since this method avoided anae
sthesia and 
measured glucose disappearance from the whole
 of the gut 
instead of sections of bowel~ 
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Overnight fasted rats were given an oral gluc
ose load 
(50% dextrose i ml/iOOg body weightl as descri
bed for the 
oral glucose tolerance test except that no blo
od samples were 
taken. Animals were killed by stunning 
l5 or 30 
minutes after the glucose load. The abdo
minal cavity was 
opened, ligatures tied round the oesophagus a
nd rectum, 
and the entire gut was removed and placed in 
a petri dish. 
The bowel was slit open and the contents wash
ed with distilled 
water through a cottonwool filter into a 100 
ml volumetric 
flask . A standard solution was prepared from
 the same 
solution of 50% dextrose as was given to the 
animals orally. 
The glucose concentration was measured in stan
dard and 




The amount of glucose absorbed from the gut lu
men 
was calculated from the difference between th
e total amount 
of glucose given orally and the amount of glu
cose recovered 
from the bowel washings. During prelimina
ry trials, 
during which animals were killed immediately 
afte~ receiving 
the gluco$e load, this method was found to giv
e a glucose 
recovery rate of approximately 80% which is in
 agreement with 







































Weanling 4°/o Protein 209'oProte in 
Fig . 16.1 
0 - 1 5 minutes 
Glucose absorption from the gut lumen 





































Weanling 4 ~10 Protein 20°/oProtein 
Fig. 16.2 
0-30 rn inutes 
Glucose absorption from the gut lumen, 
calculated over 30 minutes. 
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Results 
Results are expressed as 
grams of glucose absorbed
 
per hour per ioog body wei
ght and appear in figures 
i6.l and 
l6.2, with individual res
ults in Table B.13. 
i. There was no signif
icant difference between 
the mean 
disappearance rate of gluc
ose from the gut between 
the 4% 
protein-fed rats and weig
ht~matched weanling contr
ols, 
during the Oto 15 and Ot
o 30 minute intervals. 
2. The 4% protein-fed r
ats had significantly hig
her 
glucose disappearance rate
s than the 20% protein-fed
 controls 
as measured over the Oto 
15 minute period (p<0.05) 
and the 
0 to 30 minute period (p<
0.001). 
3. Weanling rats showe
d significantly higher glu
cose 
disappearance rates than 
20% protein-fed controls w
hen this 
was measured over the Oto
 15 minute period (p<0.02
5). 
There was no statistical 
significance in the differ
ence 
between the mean values o
f glucose ·disappearance ra
tes, 
measured over the Oto 30




The rate of glucose absor
ption from the gut lumen 
is greater in 4% protein-f
ed than 20% protein-fed r
ats. 
There was no significant d
~fference between the rate
 of 
glucose absorption from th
e gut lumen between weanl
ing and 
4% protein-fed rats. 
Di·scussion 
The relatively mi.ld gluco
se intolerance following a
n 
oral load in malnourished
 rats cannot be attributed
 to a 
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diminished rate of absorption of glucose from the gut lumen. 
In fact the glucose absorpticJn rate in malnourished rats 
is greater than that of the 20% protein-fed controls and 
does not di~fer significantly from the weight- matched 
controls. 
These results would seem to be at variance with the 
reports of impaired glucose absorption in malnourished children 
(James, 1968) and the report by Heard and Henry (1969b) of 
glucose malabsorption occurring commonly in protein-calorie 
deficiency. In malnourished rats Lifshitz et al (1972) 
found an increased absorption of carbohydrates, while Kirsch 
et al (1968c) found amino acid uptake to be normal in 
protein-calorie deficient rats and increased in rats on a 
protein-free diet. 
Since there was no difference in the rate of glucose 
absorption from the gut lumen to account for the difference 
in glucose tolerance between weanling and 4% protein-fed 
rats, two other possibilities were considered: 
1. An increased hepatic glucose extraction in 4% protein-
fed animals as compared to the weanling rats. However, 
since insulin is known to be one of the most important 
factors affecting glucose uptake by the liver, and since the 
malnourished rats have been shown to have consistently low 
~la.sma insulin concentrations both before and after oral 
or intravenous glucose, this seemed an unlikely possibility. 
2. Glucose, though rapidly disappearing from the gut lumen 
was not being transported into the portal circulation due to 
either a block in the transport mechanism or due to excessive 
utilisation by the gut wall itself. 
To investigate this second possibility, portal 
glucose concentrations were measured in rats following an 
oral glucose load . 
9l 
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CHAPTER . 17 
'PORTAL · VENOUS GLUCOSE AND 'I NSULIN . CONCENT RATIONS 
· 'AFTER · AN ORAL . 'GLUCOS E . L OAD 
Aim 
This experiment fulfilled two functions: 
1. To determine whether the high rate of glucose 
disappearance from the gut lumen of the 4% protein-fed and 
weanling rats was accompanied by high concentrations of 
glucose in the portal vein following an oral glucose load. 
Since glucose disappeared from the gut of these animals at 
equal rates (s ee Chapter 16) any difference in their portal 
venous blood glucose concentration s might indicate 
increased utilisation of glucose by the gut lumen, or a 
block in the glucose transport mechanism in one of these 
groups . 
2. To determine whether the low peripheral insulin 
concentrations encountered in the malnourished rats 
following an oral glucose load was a true reflection of 
portal vein insulin concentrations. 
Methods 
Basal blood samples were taken from t h e tail vein of 
fasted rats which were then given an oral glucose load 
(50% Dextrose, 1 ml/lOOg body weight) as described in 
Chapter 14. Portal vein samples were taken at either 
5, 10 or 15 minutes after the glucose load. Two minutes 
prior to sample collection t he rat was rap idly anaesthetised 
with ether, the abdomen opened and blood taken directly 
from the portal vein with a 26 gauge needle attached to the 
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end of a heparinised capillary tube. Only one sample 
was taken from each rat, the animal being killed immediately 
thereafter. Blood glucose and plasma insulin concentrations 
were determined on each sample as described in Appendix A. 
Results 
The mean blood sugar concentrations with their 
SEM are shown in fig.17.1 with the median plasma insulin 
levels plotted in fig.17.2. In both these graphs the mean 
peripheral blood glucose and median insulin concentrations 
were re corded from data obtained from fig.14.1. Individual 
results are recorded in Tables Bl4, Bl5 and Bl6, in which 
als o appear the animal weights and their fasting blood glucose 
and insulin concentrations. 
There are fewer results reported in this study 
than in that following the conventional oral glucose tolerance 
test, since animals had to be sacrificed at varying time 
intervals. Nevertheless a statistical evaluation of the 
results is reported. 
A. · 'Blood glucose 
1. Weanling rats show significantly higher portal blood 
glucose concentrations at 5 and 10 minutes when compared 
with the 20% protein-fed controls (p<0.05). 
2. Malnourished animals showed a significantly higher 
blood glucose level at 15 minutes than the 20% protein-fed 
rats (p<O. 05) • 
3. Weanling rats had significantly higher blood glucose 



















































































































































































































































































































































































B. Plasma insulin resp onse s 
1. There were no significant differences between the 
portal vein plasma insulin concentrations of weanling and 
20% protein-fed rats during the test. 
2. Weanling rats had portal plasma insulin concentrations 
that were significantly higher than the 4% protein-fed animals 
at 10 minutes (p<0.01) and at 15 minutes (p<0.05). 
3. The portal plasma insulin concentrations of the 
malnourished rats were significantly lower at 10 minutes 
(p<0.005) than the 20% protein-fed animals. 
Conclusions 
Assuming that there were no differences in portal 
blood flow between the groups of animals studied, one would 
expect greater rates of glucose absorption from the gut 
lumen to be reflected in higher portal blood glucose 
concentrations. It is not surprising therefore to find 
that weanling rats, previously shown to have a greater rate 
of glucose absorption from the gut lumen, have significantly 
higher portal blood glucose concentrations at 5 and 10 
minutes than the 20% protein~fed rats. 
When the portal blood glucose concentrations of the 
20% protein- fed rats were compared to those of the 4% 
protein-fed animals, there were no significant differences at 
the 5 and 10 minute intervals, despite the fact that the 
4% protein- fed rats had glucose disappearance rates from 
the gut lumen which were significantly higher than that .of 
the 20% protein-fed rats. This finding has been interpreted 
as indicating that glucose, although disappearing ra~idly 
from the gut lumen of malnourished rats, had not crossed 
the gut wall into the portal circulation or had been 
rapidly metabolised by the . gut epithelium itself. 
The measurement of portal insulin concentrations 
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in this study has shown that the low peripheral plasma 
insulin concentrations obtained in the malnourished animals 
after an oral glucose load, was not due to increased 
hepatic degradation of insulin in these animals. 
This study also revealed a significant difference 
in the 10 minute portal insulin concentrations between 
the weanling and 4% protein-fed rats (8.7 ng/ml vs 2.1 ng/ml, 
p<0.01), a significance not shown in the peripheral plasma 
insulin concentrations (2.9 ng/ml vs 1.5 ng/ml, p>0.05). 
Discussion 
Although the mean disappearance rate of glucose 
from the gut lumen was of the same magnitude in weanling and 
4% protein-fed rats, the former showed a more rapid rise 
in portal glucose concentrations than the latter. 
Assuming equal flow rates in these two groups one may 
.conclude that not all the glucose disappearing from the gut 
in the malnourished animal reached the portal circulation. 
These results are in accord with those of Lifshitz et al 
(1972) who measured the absorption of carbohydrate in 
malnourished rats by the perfusion of intestinal segments in 
vivo. They reported a temporary increase in the transport 
of glucose, sodium and water in these animals with an 
increased utilisation of glucose by the intestine. 
Kershaw et al (1960) reported that semi-starvation 
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in rats enhanced the rate of disappearance of both glucose 
and L-histidine from the small intestine in vivo, and 
they demonstrated increased transport of these substances 
in vitro. 
Kirsch et al (1968c) found an increased amino 
acid uptake by gut segments of rat maintained on a protein-
free diet. These animals however showed no increase in 
amino acid transport across the intestine. 
Increased glucose utilisation by the intestine of 
malnourished animals may in part explain their relatively 
mild glucose intolerance despite very low plasma insulin 
concentrations. 
Portal insulin concentrations after an oral glucose 
load have been shown to correspond with peripheral plasma 
insulin concentrations, as has been reported in humans 
(Blackard and Nelson, 1970, 1971). However the fractional 
reduction of insulin concentration between portal and 
peripheral venous blood was not constant, with the difference 
between the two being greater at higher than at lower 
portal insulin concentrations (fig.17.2). This is in 
agreement with the findings of Erwald et al (1973) in human 
pancreatitics. 
CHAPTER ·18 
A · BRIEF S UMMARX" O ;F 'GLUCO S E . TOL ERANCE 'I N 
· THE · FROTEIN ..... CALORIE ' DEFICIENT' 'RAT 
l. The malnourished ratshad fasting normoglycaemia 
with low peripheral plasma insulin concentrations. 
2. Malnourished rats have diminished early insulin 
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release following both oral and intravenous glucose loading. 
3. In malnourished rats intravenous glucose intoleran ce 
was marked, whereas oral glucose intolerance was relatively 
mild . 
4 . The mild oral glucose tolerance was not due to a 
diminished rate of absorption of glucose from the gut lumen, 
but was · felt to be partially explained on the basis of 
increased utilisation of glucose by the gut wall. 
5. Malnourished rats do not show increased insulin 
resistance as measured by the rate of fall of blood glucose 
in the first 20 minutes following insulin administration. 
6. Malnourished rats did, however, show an impairment 
in their ability to correct insulin-induced hypoglycaemia. 
7. There was no impairment of hepatic degradation of 
insulin to accountfor the prolonged hypoglycaemia following 
insulin administration. From evidence in the literature, 
it is suggested that these animals might have an impaired 
ability to release glucagon, which may account for their 
prolonged hypoglycaemia after the administration of insulin. 
CHAPTER 19 
INTRAVENOUS TOLBUT'AMIDE . TEST 
·rn'tro·du·cti on 
Rats on .a 4% protein diet have been shown in the 
preceding chapters to have a diminished insulin response 
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to both an oral and an intravenous glucose load. If 
this was due to a defect in some "glucoreceptor" it was 
hoped that some other agent acting in a different way might 
provoke a normal insulin response. Since tolbutamide 
has been shown to have a direct stimulatory action on 
the S cell of the islets of Langerhans (Basabe et al, 1971), 
and since this drug had an action on the early release of 
insulin which was independent of blood glucose concentration 
and unaffected by mannoheptulose (Loubatieres-Mariani et al, 
1973), it was chosen for this test. 
Method 
Tolbutamide (Rastinon, Farbwerke Hoechst AG) , 
12.5 mg/lOOg body weight diluted with normal saline, was 
injected into the tail vein of fasted rats. Blood samples 
were taken before and 3, 6, 10, 15, 30, 45 and 60 minutes 
after completion of injection. Blood glucose and plasma 
insulin concentrations were measured on all samples 
(see Appendix A). 
Re·st1lts 
(a) Changes in blood glucose concentration following 
~ntravenous tolbutamide. (See fig. 19.1 and Tables 
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1. There were no significant differences in blood 
glucose concentrations between weanling and 20% protein-
fed rats at any of the time intervals. 
2. During the first 30 minutes following intravenous 
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tolbutamide administration, there were no significant 
differences between the blood glucose concentrations of the 
4% protein and 20% protein-fed rats (p>O.l). Blood glucose 
concentrations were higher however in the malnourished 
animals at 45 minutes (p<0.02) and 60 minutes (p<0.05). 
3. During the first 15 minutes after intravenous 
tolbutamide administration there was no statistically 
significant difference between mean blood glucose concentrations 
of the weanling and 4% protein-fed rats. Thereafter 
the 4% protein-fed rats had significantly higher blood_ glucose 
levels (p<0.002) than the weanling rats. 
(b) Changes in plasma insulin concentration fo·llowing 
intravenous tolbutamide administration. (See fig. 19.2 
and Tables Bl7,Bl8 and Bl9). 
1. 4% protein-fed rats had plasma insulin concentrations 
which were significantly lower than the 20% protein- fed 
animals at the following time intervals: O minutes (p<0.02), 
3, 6, 10 minut~s (p<0.002), 15 minutes (p<0.02) and 60 
minutes (p<0.002). 
2. Weanling rats had lower median insulin concentrations 
than the 20% protein-fed animals but statistical significance 
was. only found at 3 and 6 minutes (p<0.02). 
3. Weanling rats had higher median insulin concentrations 
than the 4% protein-fed rats at all time intervals but this 
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was only statistically significant at the following times. 
3 minutes (p<0.05), 10 minutes (p<0.002), 15 minutes (p<0.02), 
30 minutes (p<0.05) and 60 minutes (p<0.02). 
'S'U:mma'ry ·of· ·r ·e·s ·ul'ts· a·na 'dis·cu:s·s'ion 
When compared to the 20% protein-fed rats, both the 
malnourished and weanling rats show impaired early insulin 
release following intravenous tolbutamide. Despite their 
poor insulin response weanling rats, however, had a nornal 
hypoglycaemic response to tolbutamide, while the malnourished 
rats had mean blood glucose levels higher than the 20% 
controls after 15 minutes. 
The difference between 4% protein-fed and weanling 
rats in their hypoglycaemic response to tolbutamide may be 
attributed to the fact that weanling rats had higher plasma 
insulin levels than the 4% protein-fed rats. Although 
these differences were small they were shown to be 
statistically significant at 3, 10, 15 and 60 minutes after 
tolbutamide. 
A difference in the responsiveness to the extra-
pancreatic effects of the sulfonylureas (Feldman and Lebovitz, 
1969; Beyer et al, 1973) may account for the anomaly of a 
normal hypoglycaemic response to tolbutamide with a poor 
insulin response to this dLug, as shown by the weanling rats. 
This study was done in the hope that a defect limited 
to the S cell glucoreceptor might be uncovered by showing 
that either the malnourished animal or the weanling rat had 
a normal insulin response to tolbutamide. However, the 
insulin response to tolbutamide was poor in both these groups 
of animals, though better in the weanling animals than in 
the malnourished rats. 
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Th~ poor insulin response to both intravenous 
glucose (see Chapter 13) and intravenous tolbutamide shown 
by weanling rats led to the next investigation. 
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CHAPTER '20 
THE · 'INTRAVENOUS GLUCOSE' . 'AND . 'A.'MINOPHYLLINE TEST 
rn·tro'duc'ti'on 
Although the purpose of this thesis as outlined 
in Chapter. 1 was to investigate the effects of protein-
calorie deficiency on insulin release in malnourished rats, 
weanling rats were investigated as well for two reasons: 
(1) They were used as weight-matched controls, to indicate 
that any differences between the insulin responses of 20 % 
protein-fed rats · and 4% protein-fed rats was not due to the 
small size of the malnourished animals. 
(2) Weanlings were also used to explore the possibility of 
the poor insulin response in malnutrition being due to a 
functionally "immature" pancreas, as had been suggested 
by Heard et al (1961). 
Weanling rats in common with the malnourished animals 
have been shown to have: 
(1) A diminished insulin response to intravenous glucose 
(Chapter 13). 
(2) A diminished insulin response to intravenous tolbutamide 
(Chapter 19) • 
On the other hand they did show a normal insulin response to 
oral glucose (Chapter 14), which was significantly greater 
than that of the malnourished animals when portal insulin 
concentrations were compared (Chapter 17). 
Aminophylline was used as an intravenous stimulus 
in an effort to find some other difference between the 
insulin responses of the weanling and malnourished rats. 
Aminophylline was chosen for the following reasons: 
(a) It had been shown to i .nduce insulin release in rats 
previously shown not to respond to intravenous glucose 
(Turtle et al, 1967). 
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(b) Pagliara et al (1973) had reported that a child with 
transient neonatal diabetes was able to respond to caffeine 
(another methyl xanthinc alkaloid) with a good insulin 
response during a phase when there was no glucose and 
tolbutamide mediated insulin response. 
(c) · Caffeine has also been shown to improve the glucose-
induced (Lambert et al, 1969a) or tolbutamide-induced 
(Lambert et al, 1969b) insulin release of foetal pancreatic 
tissue. In view of the last mentioned findings, glucose 
plus aminophylline was chosen as the stimulus in the three 
groups of rats. 
Although foetal rat tissue has been reported not to 
show glucose stimulated insulin release, while two day old 
newborn rats were able to respond to glucose stimulation 
(Asplund et al, 1969), it was thought that 21 day old 
weanling rats might show an improved insulin release if 
they were given both glucose and aminophylline. 
Method 
Overnight fasted rats were given an intravenous 
injection of aminophylline (Nutrated, Propan) diluted in 
12.5% dextrose to provide a dose of 6.25 mg/ml. Each 
animal was given 1 ml/lOOg body weight via a tail vein and 
blood samples were taken at O, 3, 6, 10, 15, 20, 25, and 
108 
30 minutes. Blood glucose and plasma insulin 
concentrations were determined as described in Appendix A. 
ca·1c·u1·ati'ons 
Glucose disappearance rates after glucose plus 
aminophylline (Kg+a) were determined as described for the 
conventional intravenous glucose tolerance test (see 
Chapter 13). care was taken to note any delay in collecting 
blood samples. 
Results 
In Table 20.1 the Kg+a values of the three groups 
of animals are compared with the Kg values previously 
shown in Table 13.1. In fig.20.1, the changes in 
concentration with time of the median insulin values are 
plotted for the 3 groups of animals. Individual values 
for .blood glucose and plasma insulin concentrations appear 
in Tables B20, B21 and B22. 
A. Comparison of Kg (glucose alone) and Kg+a (qlucose 





· 2 o·%· Prote·in 
+ 7.44 - 0.42 
( 10) 




+ 5.29 - 0.57 
(10) 
+ 4.43 - 0.28 
(7) 
Weanling 
+ 5.23 - 0.30 
(12) 
+ 4.05 - 0.33 
(10) 
1. Kg+a values were significantly lower in both the 4% 
protein-fed rat (p<0.02) and weanling rats (p<0.005) when 
these are compared to the 20% protein-fed animals. 
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levels of the weanling and A% protein-fed rats (p>O.l). 
3. For each group of rats studied, the mean Kg+a level was 
lower than their mean Kg level but the difference between 
the two indices was only significantly different in the 
weanling rats (p<0.02). 
B. The insulin ·response to glucose· ·plus· aminophylline 
1. There was no significant difference in the plasma 
insulin concentrations between the weanling and 20 % protein-
fed rats throughout the test period. 
2. Weanling rats showed significantly higher plasma insulin 
concentrations than the malnourished animals throughout the 
test, with p values <0.002 at 3, 6, and 15 minutes; 
p values <0.02 at 10 and 30 minutes, and p <0.05 at 20 and 
25 minutes. 
3. The 20% protein-fed rats had higher median plasma 
insulin concentrations than the malnourished rats with 
p <0 . 002 at 3 and 6 minutes and p<0.02 at 10 and 15 minutes. 
There was no statistical significance in the difference 
between the insulin concentrations in these two groups after 
15 minutes. 
Summary o·f r ·esul·ts 
All 3 groups of animals show a greater insulin 
response to intravenous glucose plus aminophylline than to 
intravenous glucose alone. But whereas in the latter 
test the insulin response was impaired in weanlings when 
they were compared to the 20 % protein-fed rats, both these 
groups now show no statistically significant difference in 
their insulin response. The 4% protein-fed rats showed 
an impaired insulin response when compared to both the 
20% protein-£ed and the weanling rats. 
Despite the greater than normal insulin response 
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to intravenous glucose plus aminophylline than to intravenous 
glucose alone, the glucose disappearance rate after 
aminophylline (Kg+a) was less than the glucose disappearance 
rate after glucose alone (Kg). This finding is in 
agreement with the report by Penhos et al (1972) of 
insulin- resistant hyperglycaemia induced by aminophylline. 
Aminophylline inhibits phosphodiesterase, the 
enzyme that inactivates cyclic AMP in the body (Butcher 
and Sutherland, 1962). Since cyclic AMP is the second 
messenger, mediating the effect of many hormones, it is 
not surprising that aminophylline produces many different 
effects on the body. Sutherland and Robison (1969) have 
stressed the central role played by cyclic AMP in the 
control of carbohydrate metabolism and insulin release. 
One may speculate at length about the possible defects in 
cyclic AMP formation or inactivation to explain the 
differences in the insulin response to aminophylline 
and glucose between weanling and malnourished rats. 
There is however insufficient data from these 
experiments to ascribe a specific role to cyclic AMP in 
explaining the difference in the insulin response between 
the weanling and malnourished rats. 
The importance of this study lies only in the clear 
demonstration of a difference in insulin response between 
the malnourished rats and the younger weight-matched controls 
(weanling rats) . While insulin responses to both 
intravenous glu6ose and intravenous tolbtitamide were 
impaired in both these groups of animals, intravenous 
glucose plus aminophylline "normalised" the insulin 
response of the weanling rats and did not have the same 
effect in the malnourished rats. One can argue from 
111 
this that the decreased insulin responsiveness in the 
malnourished rat is probably not due to a simple immaturity 
of pancreatic islet function, but must have some other 
cause. 
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. CHAPTER '21 
'A SHORT SUMMARY . or· 'PANCREATIC ·s CELL 
FUNCTION TESTS' . 'IN MALNOURISHED RAT S 
A short summary of the abnormalities found in the 
malnourished rat: 
1. Rats maintained on a 4% protein diet have low fasting 
plasma insulin concentrations. 
2. These animals show a poor insulin response to all 
provocative stimuli used in this study 
(a) intravenous glucose 
(b) oral glucose 
(c) intravenous tolbutamide 
(d) intravenous glucose plus aminophylline 
3. This impairment of insulin release cannot be ascribed 
to the small size of the animals. It might have been 
argued that the larger 20% protein-fed rats (90 g) were 
able to tolerate the procedures used during these tests 
better than the smaller (30 g) malnourished rat. 
However,weight- matched weanling rats (30 g) have been 
shown to have 
(a) normal insulin response to oral glucose 
(b) a normal insulin response to intravenous 
glucose plus aminophylline 
4. The fact that the weanlin~ rats, though 3 weeks younger 
than the malnourished animals, have shown the normal 
responses described above makes it unlikely that the 
abnormality of the malnourished rat is due to simple 
failure of maturation of the pancreas. 
'CHAPTER ·22 
PLASMA . 'AND TISSUE :POTASSIUM . ·coNCENTRATIONS 
· 'IN . PROTETN-CALORIE MALNOURIS HED . 'RATS 
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There is some experimental evidence to implicate 
potassium depletion as a possible cause for the glucose 
intolerance and diminished insulin release found in human 
protein calorie malnutrition. 
Potassium and glucose tolerance 
Experimental potassium depletion in humans has 
been claimed to cause glucose intolerance (Sagild et al, 
1961). Impaired glucose tolerance has been reported in 
a number of clinical states associated with potassium 
depletion, viz. primary hyperaldosteronism (Conn, 1965), 
uraemia (Spergel et al, 1967b) and starvation (Anderson 
et al, 1969); potassium supplementation in these conditions 
reversed the abnormality. 
Potassium and insulin release 
The role of potassium in insulin release appears 
to be confirmed by the work of Hiatt et al (1972) who showed 
that potassium infusion into dogs resulted in a rise of 
peripheral plasma insulin concentration and a gradual fall 
of plasma glucose. concentration, whereas potassium chloride 
infusions into pancreatectomised dogs produced no change 
in the fasting hyperglycaemi a and no change in the barely 
detectable insulin concentration. This fact, combined 
with the report by Sagild et al (1961) that potassium · 
depletion had no effect on the human response to exogenous 
11 4 
insulin, favours an impairment of insulin release as the 
cause of the glucose intolerance associated with potassium 
deficiency. 
In vitro studies using the isolated perfused rat 
pancreas (Grodsky and Benett, 1966), pieces of rabbit 
pancreas (Hales and Milner, 1968), and foetal rat 
pancreatic tissue in organ culture (Lambert et al, 1969b) 
have shown that increased potassium concentrations in the 
media, even in the absence of glucose, lead to increased 
insulin secretion. 
Potassium deficiency in human protein-calorie malnutrition 
Potassium depletion, as shown by measurement of 
total body potassium (TBK), is a frequent finding in human 
protein-calorie malnutrition (Mann et al, 1972) . This 
reduction in TBK is accompanied by a reduced muscle potassium 
concentration (Alleyne et al, 1970), which can therefore be 
used as an index of potassium depletion. 
Does K deficiency cause the diminished insulin release of 
human ·PCM? 
Mann (1972) claimed that potassium supplementation 
in children with PCM, prior to protein repletion, improved 
their insulin response 5 and 20 minutes after an intravenous 
glucose load. This finding suggests that K deficiency 
may be the cause of the diminished insulin release found in 
protein-calorie malnutrition. 
In view of the evidende: 
(i) that potassium depletion impaired insulin release 
and glucose tolerance) 
(ii) that potassium repletion under these conditions 
reversed the abnormalities, 
(iii) that protein calorie malnutrition was associated 
with potassium deficiency as well as glucose 
intolerance, 
(iv) and that potassium supplementation could improve 
insulin release, 
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it became important to see whether the protein depleted rat 
did not suffer from potassium deficiency. This might 
explain the glucose intolerance and diminished insulin 
release found in the malnourished animal. 
Forbes and Lewis (1956) have shown that in man 60% 
of the total body potassium occurs in muscle tissue. It 
would appear reasonable therefore to expect a change in 
total body potassium to be reflected in the concentration 
of potassium within the muscles. In fact Alleyne et al 
(1969) have shown from analyses of post-mortem material of 
children dying of protein-calorie malnutrition that "the 
muscle bears the brunt of the potassium depletion and loss 
from brain and other vital organs is modest". 
In rats (Whang and Welt, 1963) found that the loss 
of total body potassium was reflected in a reduced potassium 
concentration in the muscles under experimental conditions 
where there were no changes in serum potassium concentration. 
It was decided, therefore, to measure serum and muscle 
potassium concentrations using the latter as an index of 
total body potassium depletion. Potassium and sodium 
concentrations _ were also measured in liver tissue, although 
this organ has not been shown to have reduced potassium 
concentrations in experimentally induced potassium 
deficiency (Gardner et al, 1950; Mondon et al, 1968). 
Experim:en't'a.T method 
116 
All animals were fasted overnight. Under ether 
anaesthesia cardiac blood was collected into heparinised 
capillary tubes. The plasma was separated immediately 
and portions of liver and gastrocnemius muscle were 
removed from the exsanguinated animals. Sodium and 
potassium concentrations were estimated on the plasma and 
on nitric acid digests of the fat extracted dried tissue 
(for details of the method, see Appendix A). In the 
analysis of the tissues electrolyte concentrations are 
expressed as rnEq/lOOg fat free dry weight (FFDW). 
Results 
Individual results appear in Tables B23, B24 and 
B25. 
Table 22.l shows the mean tissue and plasma sodium 
and potassium concentrations in the experimental animal 
as compared to the control and potassium deficient animals 
of Mendon et al (1968). It should be noted that the 
two series are not strictly comparable in that Mondon's 
rats were older, weighing 110-120 grams at the start of the 
experiment and that sodium and potassium concentrations 
















































































































































































































































































































































































































































































































































































The differences between the mean fasting plasma 
potassi.um concentrattons i .n the 4%. l?~otetn-fed ;rats compared 
to the weanling and 20%. prot~n~~ed ;rats were not statistically 
significant (p~o.i and o.i>p~0.05 respectively}. There 
was no statistically significant difference in the mean muscle 
potassium concentrations between the 4% protein-fed and 20% 
protein-fed rats (p>0.1), and the 4% protein-fed and 
weanling rats (p>0.05). 
This is in stark contrast to the results of Mondon et 
al (1968) (Table 22.1) where the potassium depleted animals 
showed a plasma potassium concentration less than half that 
of the controls associated with a 43% reduction in muscle 
potassium concentration. 
The liver potassium concentrations were significantly 
elevated in the 4% protein-fed rats, when compared to both 
weanling and 20% protein-fed controls (p<0.001). The 
biologicalsi..gnificance of this increase in liver potassium 
concentration in malnourished rats is not clear. 
Discussion 
This study has failed to demonstrate potassium depletion 
in protein~calorie deficient rats . Nevertheless these 
animals have di~inished insulin release and impaired glucose 
tolerance, and it was decided to examine the experimental 
evidence often quoted as substantiating potassi1un deficiency 
as a cause of glucose tntole;rance. 
Gardner et al (i950l were able to show impaired oral 
glucose tolerance in rats after 90 ~ i20 days on a potassium 
deficient diet. Glucose tolerance however was normal 
.lJ. 9 
after 4 O - . 60 days on the. same d;i.et al though the degree of 
potassium deficiency a::, e.::,ti;matcd by t he mu::;cle potassium 
levels were similar dur;L.ng both .time p eriods . . If one 
accel?ts muscle J?Otassium concentrat;r.on as an index of total 
potassium depletion, this should lead one to suspect some 
other factor apart from potassium deficiency as being 
responsible for the glucose intolerance. 
Fuhrman (1951), using younger (4 weeks old) rats 
produced severe potassium def.iciency after only 7 days of 
dietary potassium restriction. Using pair-fed controls 
he demonstrated impaired intravenous glucose tolerance in 
the potassium depleted animals. He noted however that 
because of the method of pair feeding these potassium 
deficient rats had in effect fasted1onger than the controls. 
Spergel et al (1967a) remarked on the difficulty 
of producing potassium deficiency in rats with dietary 
restriction alone, and combined this restriction with the 
administration of desoxycorticosterone acetate (DOCA) to 
"achieve hypokalaemia and depletion of body potassium 
stores in an acute experiment". DOCA was discontinued 
l week prior to testing to avert the corticosteroid 
effects on carbohydrate metabolism while the deficient diet 
maintained the hypokalaemic state. There was no 
difference between the glucose disappearance rates (Kg), in 
control and potassium defi.c.;t.ent an;Lmals. Despite the 
lower muscle and serum J?Otassium levels in the latter group, 
there were no significant differences in the mean fasting 
or post glucose insulin and free fatty acid concentrations. 
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It should be noted that ~lasma insulin concentrations were 
estilnated 2 hours aftex the_ gluco?e load and not at 3 
minutes as has been done in th.;i..s work .. The difference 
between the fasting and 2 hour insulin concentrations after 
intravenous glucose was significantly greater in the control 
animal than in the hypokalaemic rat suggesting some 
impairment of insulin release to the authors, bu'.:: not of 
con~equence if one recalls the importance of the early 
(3-6 minute) insulin peak in determining intravenous glucose 
tolerance (see Chapter 13). Spergel also noted that his 
potassium depleting regimen caused "retardation of growth" 
which suggests that these animals might very well have been 
protein-calorie deficient. 
The failure of relatively acute potassium depletion 
in rats to cause marked changes in glucose tolerance appears 
to be confirmed by recent work with humans. Kaess et al 
(1971) used healthy male volunteers to induce a 3-ll% loss 
of total body potassium by combining a dietary deficiency 
of potassium with the administration of cation exchange 
resins and diuretics. This degree of potassium deficiency 
though able to produce symptoms (headache, fatigue, weakness, 
irritability, polydypsia and polyuria) and signs (ECG changes, 
hypokalaemia, and metabolic alkalosis). of potassium 
deficiency, produced no change in the intravenous glucose 
tolerance, free fatty c:i.ci.d clearance or insulin release. 
There were only slj._<Jht changes in the ~attern of insulin 
release. 
Gorden (.19731 used healthy volunteers to induce 
hypokalaemia with a combination of a potassium deficient 
diet, 9-ci,-.;Eluorohydroco.rtisone and chlorothiaz ide. 
Relatively minor change~ in glucose tolerance a nd insulin 
release occurred desJ?i te si.gn;tf icant hyJ?okalaemia, alkalosis 
and ECG changes. Re concluded that the glucose 
intolerance found in certain clinical states associated 
with potassium deficiency could not be ascribed to the 
potassium deficiency alone but resulted from "a complex 
interplay of the primary disease state and potassium 
deficiency". 
It appears that the relationship between acute 
potassium depletion, glucose intolerance and diminished 
insulin release, is not as well defined as some workers 
(Sagild et al, 1961; Conn, 1965) have suggested. This 
does not imply that potassium plays no role in insulin 
release , but that a more critical approach is necessary 
in assessing its clinical role in insulin release. 
Although Grodsky and Benett (1966) showed an increase in 
insulin release from the perfused rat pancreas when 
potassium concentration was increased from 4 mEq/1 to 8 mEq/1 
in the absence of . glucose, Howell and Taylor (1968) found 
that changes in the potassium concentration of the medium 
between 3 mM - 8 mM had no effect on glucose induced 
insulin release from pancreatic slices. Unphysiologically 
high concentrations of potassium such as the 60 mM 
potassium concentration used by Hales and Milner (i968) to 
induce insulin release cannot be guoted without mentioning 
that complete absence of potassium from the medium also 
induced insulin release. Although Lambert et al (i969b) 
J.2 2 
did show that increasing the potassium concentration of 
the ·medium from 5,.._J.2 mEq/1 d;Ld i _ncrease t h e rate of 
insulin release from foetal pa.ncreattc ttssue, t h e insulin 
secretion rate was even greater in the complete absence 
of potassium. 
Caution is necessary before extrapolating from these 
in vitro studies to effects on the whole animal, especially 
when unphysiological concentrations of stimuli have been 
used in vitro. 
Is potassium deficiency a constant feature of PCM? 
The failure to demonstrate potassil..lID deficiency in 
the malnourished rat model when it is reported to be so 
common in human protein calorie malnutrition (Hanse~ and 
Brock, 1954; Alleyne, 1970; Nichols et al, 1972) deserves comment. 
Mann etal (1972) reported that "almost all children 
with PCM have, or have had, a recent illness, the 
commonest being diarrhoeal disease and pneumonia". 
Alleyne (1970) found that total body potassium (TBK) was 
related to the number of stools passed in the first 5 days 
after admission, while low TBK values have also been found 
in children suffering from severe pulmonary infections 
(Mann, l972). It has been suggested that the low TBK 
values found in PCM are ''due, at least in part, to the 
associated or preceding illness" (Mann et al, J.972). Since 
the experimental an;t;nals used in this work did not suffer 
from diarrhoea or pneumonia and ;t_n v;Lew of the general 
difficulty in producing potassium deficiency in rats 
without resorting to other manoeuvres such as administration 
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of diuretic agent s (Spergel et al , -1967a l it is not 
surprising that these an.t:mals di.d not show evidence of 
muscle J?Otass:lum deJ?letion •. 
Whether one accepts a, diminished muscle potassium 
concentration to result from the infective complications of 
protein-calorie malnutrition, or to be a secondary metabolic 
consequence of protein calorie malnutrition itself 
(affecting the tissues' capacity to store or conserve this 
ion, michols et al,1972), it would appear from the 
experimental evidence presented in this thesis that muscle 
potassium deficiency is not a constant feature of protein-
calorie malnutrition . 
Conclusion 
Potassium deficiency has been thought to contribute 
to the abnormal glucose tolerance and diminished insulin 
release associated with protein-calorie malnutrition. 
The failure to demonstrate potassium deficiency in the 
glucose intolerant protein-calorie malnourished rat leads 
one to conclude. that its role in the aetiology of the 
glucose intolerance o f PCM has been exaggerated. 
Summary of chapter 
1 . Evidence has been presented which suggests that 
potassium depletion produces glucose intolerance and impaired 
insuli.n :i:;elease J:.n man and animals. 
2. Lt has been proposed by others that the potassium 
deficiency so frequently encountered in human PCM causes 
their abnormal glucose tolerance and impaired insulin release . 
3. Using muscle potassium concentration as the 
J.2 4 
criterion, there was no eviden ce of potassium deficiency 
in the protein~calorie malnourt shed rats which did however 
show impaired glucose tolerance and d t minished insulin 
release. 
4. Some of the experimental rat models used by others 
to demonstrate abnormal glucose tolerance and diminished 
insulin release after potassium depletion, also showed 
evidence of malnutrition, in that they failed to grow 
adequately. It is suggested that it was the associated 
malnutrition rather than the potassium depletion, which was 
responsible for the abnormalities in glucose tolerance and 
insulin release. 
5. In support of the above, recent work has been quoted 
from human experiments to show that healthy persons subjected 
to acute potassium depletion did not show the gross 
abnormalities in glucose tolerance and insulin release that 
was expected. 
6. Though not denying the fact that potassium (as 
do other cations such as sodium and calcium) plays some part 
in insulin release, in many cases the in vitro effects 
were noted to occur well outside the normal or physiological 
range of potassium -concentrations. 
7. Al though potassium defic;Lency does occur frequently · 
in human protein calorie malnutrition and some regard it as 
one of the effects o:f; ;!?CM, it is' often related to the 
presence of complicating illnesses such as ga stro~enteritis 
and pneumonia, and should perhaps be regarded as a 




· LIGHT ·. MICR,U$COl?TC · EXAMINATTON · 0 ;1;· · THE . J?ANCREAS . . ' 
1. Quali"tative ·study_ 
Tests of pancreatic beta cell function (as summarised 
in Chapter 21) have shown that malnourished rats have a 
marked impairmentaf insulin release. This abnormality 
has not been shown to be due to potassium deficiency 
(Chapter 22) . The possibility that pancreatic islet 
pathology might account for the diminished insulin response 
in malnourished rats was considered since some workers 
(James and Coore, 1970a) have claimed that malnutrition 
results in persistent impairment of insulin secretion, 
although not all workers agree (Becker et al, 1971) . 
The abnormalities in pancreatic histology in human 
malnutrition have been reviewed in Chapter 6. 
Since the rat model used in this study differed in 
some respects from that used by others, it was thought 
necessary to investigate the light microscopic appearance 
of the pancreas in these animals, in order to determine 
if there were any gross histological abnormality in the 
pancreatic islet tissue to account for their poor insulin 
response to various st;unuli. 
Methods 
killed, 
Six rats from each of the 3 sroups of animals were 
Formalin fixed pancreatic tissue from these 
animals was stained with haeniatoxylin and eosin. Ir. 
order to avoid observer bias, all slides were examined by 
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two e.xpertenced ~athologists who were not aware from which 
group of animals the sectton~ caJ[l.e. 
Re:su·lts 
Both pathologtsts re~orted indep e~dently that 
they could detect no abnormality in the pancreatic tissues of 
any of the animals. Neither the acinar nor endocrine 
tissue of the pancreas was found to be abnormal in malnourished 
rats. 
At the time of killing these rats, some of the 
malnourished animals were noted to have oedema of the 
pancreas, but this was not reported by either pathologist 
although they were requested to look out for this abnormality. 
Dehydration of the tissue during the fixation 
process might have obscured this finding. 
Discussion 
A. The normal acinar histology of 4% protein-fed rats. 
The rapid turnover of protein found in the pancreas 
(Tarver and Schmidt, 1942) occurs mainly in the acinar 
tissue (Wheeler et al, 1949), making this organ particularly 
vulnerable to the effects of protein-calorie malnutrition 
(Raroalingaswaroi, 1969). Acinar cell atrophy, dilatation 
of the tubules and fibrosis have been reported in humans 
(Davies, .1948) and reproduced in rats on a protein-deficient 
diet (Veghelyt et al, i950al~ The anatomical and 
functional changes in the exocrine pancreas in human and 
experimental malnutrition have been the subject of a recent 
review (Pitcht.unoni, ..19731 .. 
The 4% protein-fed rat used in this study has been 
J. 2 7 
shown to have many features in conunon with human ~rotein-
calorte malnut~ttion, na,;rneLy fatlure to gain weight , fatty 
infiltration of the l;tver and hyJ?o album;i.naemia (see 
Chapter lll. However the ;i.nability to f ind any 
abnormality of the acinar tissue in these animal s is not in 
accord with the findings of some other workers using 
malnourished rats (Platt et al, 1962; Veghelyi et al, 
1950a; Sidransky and Farber, 1958} . The failure to 
demonstrate microscopic evidence of acinar atrophy does not 
exclude loss of pancreatic acinar tissue. A reduction 
in the rate of replacement rather than an increase in the 
rate of destruction of acinar tissue would not be detected 
histologically, unless quantitative studies ·were done. 
Macroscopically the pancreas in these malnourished rats 
appeared to be reduced in volume when compared to the control 
pancreas. No measurements of the total pancreatic volume 
or weight were, however, taken in this study. Klotz et 
al (1972} despite an inability to detect gross acinar 
atrophy or fibrosis in rats fed a non-protein diet, were 
still able to show that these animals had a reduced 
pancreatic volume. 
individual cells. 
They did however report atrophy of 
Heller et al (J.9581 could show no microscopic 
abnormalities in the pancreas of animals on a protein-
defic;tent diet, desrtte the fact that these animals showed 
gross fatty infiltration of the l;t:y:er •. 
Some of the d ifferences in the reports of 
pancreatic histology by different workers may· be due to 
some of the followin~ factors; 
(al the age at whtch animals were subjected to 
the protein deficient diet 
(bJ the method of feeding 
(c) the nature of the diet 
(d) the duration of the deficiency 
B. The normal islet histology in the 4~ protein-fed rats 
.128 
The failure to demonstrate any gross abnormality of 
the pancreatic islet tissue in this study is not surprising 
in view of the preponderance of negative reports in human 
studies (reviewed in Chapter 6). 
Indication for a further study 
The investigation discussed above while demonstrating 
no abnormality in individual cells or groups of cells within 
the pancreatic islets, does not give any indication of the 
total pancreatic islet volume. In fact the report of 
normal acinar histology despite the clinical observation 
that the pancreas was reduced in volume led to a suspicion 
that perhaps the total pancreatic islet volume was also 
reduced in the malnourished rats. This led to the next 
investigation. 
2. Quantitative study 
Total pancreatic islet Volume ·of· m:alnou·ri·shed ·rats 
Protein-calorie deficiency has profound effects on 
all tissues ot the body and has been shown to act by 
reducing their rate of growth (Hill et al, .1970). If 
pancreatic islet tissue was more susceptible than other 
tissues to the effect of protein-calorie deficiency, one 
i29 
might ex~e.ct a dis~roportionate decrease in the pancreatic 
islet volume w~en this is expressed as a fraction of the 
body weight . Heard et al (i958l reported a 39% decrease 
in the volume of individual islet cells, in pigs on a 
protein-deficient diet. A reduction in total pancreatic 
islet volume over and above the reduction in total body 
weight might possibly explain the diminished insulin release 
observed in malnourished rats. Tejning (1947) had 
already shown that changes in the dietary composition 
produced measurable changes in total pancreatic islet 
volume . It was therefore decided to measure pancreatic 
islet volume in malnourished rats, comparing them to control 
and weanling rats, in order to determine whether any 
reduction in islet volume may account for the diminished 
insulin release in malnourished animals. 
Method 
Pancreatic islet volumes of overnight fasted rats 
were determined by the method of Tejning (1947) as modified 
by Hellman (1970). The details of this method and notes 
on its validity appear in Appendix A. 
Results 
Individual results appear in Table B26 and are 
plotted in fig. 23.1, in which islet volumes are expressed 
as a fraction of body weight. 
l. Malnourished rats have a significantly reduced total 
pancreatic islet volume when compared to both weanling 
(p<0 .00 2} and 20% protein-fed rats (p<O.OOi}. 
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Fig . 23 . 1 Total pancreatic islet volumes in the three 
groups of rats expressed as a fraction of 
body weight. 
iJl 
volume than the 20% protein-fed rat~ though the difference 
was not statistically significant (?>0.05}. 
On comparing the mean islet volumes of the malnourished 
rats (0.959 
protein-fed 
mm3/100g body weight) with that of the 20% 
3 
rats (1.475 mm /lOOg body weight), the 
malnourished rats are found to have a 35% reduction in islet 
volume. This considerable reduction in islet volume 
probably contributes to the diminished insulin release of 
the malnourished rats. However it is felt that the degree 
of reduction in islet volume is far less than the degree of 
impairment of insulin release shown by the malnourished 
rats during the various provocative tests. Some other 
factor or factors such as an impairment of the insulin 
releasing mechanism, or a reduction in the total amount of 
insulin within individual islets may be operative. 
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CHAPTER 24 
A PRELIMINARY REPORT ON THE ULTRASTRUCTURAL CHANGES 
IN THE PANCREATIC ISLETS OF MALNOURI SHED RATS 
Since the malnourished rats showed a diminished release 
of insulin to a number of provocative stimuli and since the 
reduction in the pancreatic islet volume could not entirely 
explain this diminished insulin release, it was decided to 
determine whether there were any abnormalities of the 
ultrastructure of the beta cells. Although these animals 
were not overtly diabetic, ultrastructural changes have 
been previously reported in normoglycaemic rabbits after 
treatment with ''subdiabetogenic" doses of alloxan (Volk 
et al, 1969). 
Method 
Fasted rats were anaesthetised with halothane (Fluothane). 
The abdominal aorta was cannulated just above the 
bifurcation using fine polythene tubing. The chest was 
then opened and the thoracic aorta clamped. The right 
atrium was opened while a O.lM phosphate buffer, pH 7.2 
was allowed to flow through the aortic cannula. Within 
10 minutes, when most of the blood appeared to have been 
flushed out of the viscera, the perfusion fluid was changed 
to 5% glutaraldehyde in the same buffer. 
After a further 10 minutes of glutaraldehyde perfusion 
during which the liver and gut became hard, the pancreas 
was dissected free from its attachments. Pancreatic 
islets were then dissected out of the pancreatic tissue 
under a stereoscopic dissecting microscope. Pancreatic 
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islets could be easily recognised as pale ovoid structures 
when examined with indirect lighting against a dark 
background. 
Pancreatic islets were kept in the glutaraldehyde 
solution for a further 5 hours before being washed in 
phosphate buffer and post fixed in veronal buffered 1% 
osmium tetroxide for 1 hour . After dehydration in 
acetone the tissue was embedded in Spurrs medium. 
Sections were stained with uranium and lead salts and 
studied in a Siemens 101 electron microscope. 
Results 
A. Control animals (20% protein-fed rats) 
The peripherally located alpha cells resembled those 
described by Orci et al (1970). The granules observed 
in the beta cells which occupied the inner zones of the 
islets were largely of the dense type, as is normally said 
to be the case in the rat (Creutzfeldt et al, 1970b). 
See fig.24.l 
B. Malnourished rats (4% protein-fed rats) 
The most obvious abnormality which has been observed 
in a number of animals was a change in the type of granules 
found in the beta cells. Although it was not possible 
to ascertain if any alteration in their number had 
occurred, a much greater proportion of the granules was 
of the pale variety (see fig.24.2). This change did not 
affect all the beta cells and some were probably within 
normal limits. 
The alpha cells did not show any conspicuous changes. 
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Fig . 24. 1 Electron micrograph of 8 cell of pancreatic islet 
of 20% protein-fed rat. Hollow arrows indicate 
pale granules. Solid arrows indicate dense granules. 
Magnification: 22,ooox . 
Fig. 24.2 
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Electron micrograph of S cell of pancreatic islet 
of 4% protein-fed rat. Hollow arrows indicate 
pale granules. Solid arrows indicate dense granules. 
Magnification: 16,250X. 
Foci of cellular degeneration were noted in s ome of t hem. 
Comment 
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A reduction in the ele ctron de nsity o f beta cell 
granules has been demonstrated in malnourished rats. 
Reduced electron density of t h e beta granule s has been 
described in several experimental situa tion s associated 
with conditions of beta cell stimulation such as cortisone-
induced hyperglycaemia and administration of tolbutamide 
(Lazarus and Volk, 1970). This fin d ing has also been 
reported in both spontaneous (hypergly caemic) diabetes 
mellitus in guinea-pigs (Munger and Lang,1973) and in 
normoglycaemic rabbits after administration of alloxan 
and cortisone (Volk et al, 1969). 
The decrease in electron density has been attributed 
to a possible reduction in insulin concentration of the 
granules (Munger and Lang, 1973) or to a change in the 
physical characteristics of the insulin itself (Lazarus 
and Volk, 1970). 
The fact that malnourished rats have low fasting 
plasma insulin concentrations and s how a poor insulin 
response to a number of stimuli, does appear to be in 
accordance with the first hypothesis. It is suggested 
that a reduction in the pancreatic islet volume combined 
with an abnormality of the beta granules of malnourished 
rats may contribute to their diminished insulin responses. 
SUMMARY AND CONCLUSIONS 
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CHAPTER 25 
SUMMARY AND CONCLUS ION 
The purpose of this study was to determine the effects 
of protein-calorie deficiency on glucose tolerance and 
insulin release in young rats. Weanling rats placed 
on a 4% protein diet for 3 weeks failed to gain weight, 
developed hypoalbuminaemia and fatty infiltration of the 
liver, features commonly found in human protein-calorie 
malnutrition. 
These animals were used as the experimental model and 
their glucose tolerance and insulin release compared to 
littermates maintained for 3 weeks on an isocaloric 20% 
protein diet. Since it had been suggested that some 
of the abnormalities in glucose tolerance and insulin 
release might be due to failure of maturation, another 
group, the weanling rats, were also employed as controls. 
Malnourished rats showed both oral and intravenous 
glucose intolerance with diminished insulin release to a 
number of provocative stimuli. These stimuli included 
oral glucose, intravenous glucose, intravenous tolbutamide 
and intravenous glucose plus aminophylline. 
While intravenous glucose intolerance was marked, 
oral glucose intolerance was surprisingly mild in the face 
of a very poor insulin response to this stimulus. 
Others have ascribed normal oral glucose tolerance in 
malnourished animals to impaired glucose absorption, but 
the glucose disappearance rate from the gut lumen was 
found to be higher in the malnourished animals. Despite 
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the high rate of glucose disappearance from the gut lumen 
in malnourished rats, portal glucose concentrations did not 
rise as high as would be expected. This suggested that 
. there was either a block in glucose transport or that the 
gut· epithelium itself was rapidly metabolising the glucose 
before it could reach the portal circulation. 
Some workers have claimed that the glucose intolerance 
demonstrated in malnourished humans and animals was due 
to insulin resistance rather than diminished insulin release. 
In the experimental animal model employed in this thesis 
there was no evidence of insulin resistance. The glucose 
intolerance could be adequately explained on the basis of 
their poor insulin responses. The low fasting plasma 
insulin concentrations found in malnourished rats could 
alone be ci ted as evidence against insulin resistance. 
Nevertheless insulin tolerance tests were performed and 
demonstrated that malnourished rats were not resistant to 
the hypoglycaemic action of exogenous insulin. In 
fact these animals showed a marked impairment of their 
ability to correct insulin-induced hypoglycaemia. This 
latter abnormality had also been noted in other experimental 
models of protein-calorie malnutrition and according to the 
data presented in this thesis, does not appear to be due 
to an impairment in insulin degradation. The half 
disappearance time of endogenous insulin after intravenous 
glucose was similar in the 20% protein-fed and the 4% 
protein- fed rats. No further investigations were done 
to explain the inability of malnourished rats to correct 
insulin-induced hypoglycaemia, but an abnormality in 
glucagon release or a failure of the fatty liver to 
respond to glucagon has been suggested. 
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In an attempt to explain the diminished insulin release 
of malnourished rats, a number of investigations were done: 
(1) Failure of maturation of the pancreas was excluded 
on the basis of the ability of weanling rats to show a 
normal insulin response to oral glucose and to intravenous 
glucose plus aminophylline. Malnourished rats did not 
respond normally to these stimuli, although both weanling 
and malnourished rats showed a poor insulin response to 
intravenous glucose . 
(2) Potassium deficiency was excluded after investigations 
revealed no difference in the plasma and muscle potassium 
concentrations between malnourished rats and controls. 
(3) A 35% reduction in pancreatic islet volume combined 
with the demonstration of an ultrastructural abnormality 
of the beta granules may partly account for the poor 
insulin release demonstrated in malnourished rats. 
Since rats on a low protein diet voluntarily reduce their 
total intake it is not possible to say whether it was the 
protein or the caloric deficiency that was responsible 
for the abnormalities shown. However , in human protein-
calorie malnutrition the deficiency is also a mixed one 
involving protein, calories and probably vitamins and 
minerals as well, with infection as a further complication. 
There was no evidence of infection in the malnourished rats 
used for this work but it is difficult to exclude the 
possibility of viral infections in these animals. Those 
animals however that appeared ill and persistently lost 
weight were excluded from the study. 
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Despite the diminished glucose tolerance and 
impairment of insulin release demonstrated in malnourished 
rats, they were nevertheless able to maintain normal 
fasting blood glucose concentrations. None of the 
animals were overtly diabetic and it is impossible to 
say from this study whether malnutrition in the young 
may possibly be a cause of diabetes mellitus in the adult. 
The reduction in pancreatic islet volume and the ultra-
structural abnormality of the beta granules (the latter 
has been described in diabetic and latent diabetic 
animals) may still be completely reversible. 
Further investigations are necessary to determine 
whether refeeding these rats with normal diets will correct 
the abnormalities in beta cell structure and function. 
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APPENDIX A METHODS 
Statistical methods 
Measurement of serum albumin 
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Glucose and insulin estimation: general 
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volume 
Measurement of plasma and tissue sodium 
and potassium 













Two types of statistical tests were employed in 
this work: 
A2 
A. Parametric Tests (Spiegel, 1961; Underwood et al, 1954). 
B. Nonparametric Tests (Siegel, 1956) . 
Wherever possible parametric tests were preferred as 
they make the best possible use of the available data. 
Parametric tests, however, can only be applied to normally 
distributed data. The cumulative relative frequency of 
the data plotted on probability graph paper (normal curve 
paper) was used as a simple test for normality. Where 
this plot approximated a straight line, a parametric test 
was used (e.g. fig.l glucose, 30 minutes after an oral 
glucose load). 
In cases of deviation from the normal distribution 
(e.g. fig.2 plasma insulin, 10 minutes after intravenous 
glucose), nonparametric tests were used. Plasma insulin 
values have · been shown to follow a log-normal distribution 
(Welborn et al, 1966) (e.g. fig.3. Data as infig.2, but with 
insulin values plotted on a logarithmic scale). 
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A. Parametric Tests 
The following standard definitions were used: 
The Mean, X = l~x n 
where n = number of observations 
Standard Deviation, S.D. = 
where n < 30 
J~ (x - xl' 
n-1 
Standard Error of the Mean (SEM) = S.D. 
In 
Coefficient of Variation 
'Student's' t test 
= S.D. x 100 
X 
A6 
To compare the means (X 1 and x2 ) of two small samples 
( n1 and n2 ) from normal populations (unknown variances 
assumed equal) · 
t = X1 -X 2 
sJ1 + 1 . n1 n2 
Where S was an estimate of the standard deviation based on 
both samples jointly 
S2= 
1 
Degrees of freedom = n1 + n2 - 2 
A7 
Least Square Regression Line 
A line of the form y =a+ bx was fitted to pairs of 




(~y} (~x2 ) - (~x) (~xy) 
n ~x2 - ( ~x )2 
n~xy - (~x) (~y) 
n~x2 - (~x)2 
Correlation Coefficient 
n~xy - (~x) (~y) 
r=~~~~~~~~~~~~~= J [ n ~ x 2 - ( ~ x ) 2] [n ~ Y 2 - ( ~ Y) 2] 
B. Nonparametric Tests 
The Median 
If a set of numbers is arranged in order of .magnitude, 
the middle value, or the arithmetic mean of the two middle 
values is called i the median. 
The Mann-Whitney U Test 
n1 = the number of values in the smaller of the two 
independent groups. 
n2 = the number of values in the larger of the two 
groups. 
The values from both groups were combined and ranked in 
order of increasing size. 
The sum of the ranks assigned to the smaller group 
( s amp 1 e size n 1 ) = . R 1 
The sum of the ranks assigned to the other group 




Both formulae yield different values for U. If the observed 
value of U was larger than it was U' and the true 
value of U was then calculated from the following equation: 
Levels of significance 
Values of p were determined from the appropriate 
tables for the t test, the U test and correlation 
coefficient. Two-tailed tests were used in the 
determination of p, and where p was greater than 0.05 
(p>0.05), differences between sample means (or medians) 
were regarded as not significant (NS). 
~ 
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MEASUREl~ENT OF SERUM ALBUMIN 
The Bromocresol green method of Doumas et al (1971) 
was used. This dye specifically binds to albumin without 
reacting with globulins. A commercial preparation 
containing bromocresol green, buffer, surface active agent 
and preservative was used, (AlbuStrate, Warner-Lambert 
Company). 
Procedure 
Reagents were added in the following sequence: 
1 . 0.5 ml AlbuStrate reagent. 
2. 2 ml distilled water. 
3. 5 µl of sample or standard. 
Absorbance was read 30 minutes later at 630 nm. 
Standards 
Commercially available serum standards of known 
albumin concentration were used (Calibrate, Warner-Lambert 
Company). Absorbance was found to be linear over the 
working range, 1.5 - 4.6 g/100 ml . 
Reproducibility 
An interassay coefficient of variation of 1 .9 % was 
found (N = 5). 
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MEASUREMENT OF TOTAL SERUM PROTEINS 
Total serum proteins were measured by the method of 
Lowry et al (1951), using a commercial preparation (Merck) 
of Folin reagent (Polin and Ciocalteu, 1927). 
Reagents 
A. 2% Na2C03 in O. lN NaOH. 
B. 0.5% CuS04 .5H20 in 1% potassium sodium tartrate . 
C . 50 ml reagent A -mixed with 1 ml of reagent B. 
E . Folin-Ciocalteu reagent (Merck) diluted 1:1 with 
distilled water. 
Procedure 
Reagents were added in the following sequence: 
1. 5 µl of standard or sample . 
2. 1 ml 0.9N NaCl. 
3. 5 ml Lowry reagent C. 
After 10 minutes, 0.5 ml reagent E was added to all 
tubes with rapid mixing . Tubes were allowed to remain 
at room temperature for~ to 2~ hours and absorbance was 
read at 500 nm. 
Standards 
See serum albumin determination. 
Calculation 
Absorbance was linear over the working range 2.4 - _ 
7.4 g/100 ml . 
MEASUREMENT OF TOTAL BODY WATER 
Principle 
This method depended on the dilution o f a known 
volume of triiiated water with exchangeable body water. 
Procedure 
All 
Animals were fasted for approximately 3 hours and 
drinking water was removed l hour before the experiment. 
They were weighed, and a sample of heparinised blood was 
taken from a tail vein (plasma blanks). 0.1 to 0.2 ml of 
tritiated water (500 µCi/ml) was injected intraperitoneally 
using 1 ml disposable syringes with a 26 gauge needle. 
To prevent loss of label during the injection, the syringe 
was filled in the following manner: 
O.l ml of air was aspirated followed by the tritiated 
water, then another 0.1 ml of air. The syringe was 
carefully wiped dry, the needle was attached, and it was 
then weighed to an accuracy of 0.1 mg. The tritiated 
water (3H20) and air were injected intraperitoneally and 
the syringe with the needle weighed again. 
During an initial pilot study heparinised blood 
samples were taken from a tail vein, \ to 3 hours 
following the injection (See fig. 4 ). In later 
experiments a single sample was taken between 1\ to 2 hours 
after the injection . 
The Standard 
An accurately weighed sample of 3 H2 0 was diluted to 
50 ml with distilled water. 
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Measurement of tritium 
Plasma was sep~rated from the heparinised blood 
samples. 5 µl of plasma was pipetted into micro test 
tubes and proteins were precipitated by the addition of 
80 µl of 2% perchloric acid. After centrifugation, 
50 µl of supernatant was pipetted into glass counting 
vials to which were added 1 0 ml of scintillation fluid. 
This contained a mixture of l part of ethylene glycol 
monoethyl ether (Cellosolve) to 2 parts of Bray's solution 
(Bray, 19 6 0) . The standard solution, blanks and plasma 
samples were all treated in the same manner. All 
determinations were done in triplicate. Vials were 
counted in an automatic beta liquid scintillation counter 
with automatic external standardisation. 
Calculation of results 
There were no differences in the external standard 
channel ratios ·of the samples and standard, thus no 
corrections for quenching were necessary. Background 
counts obtained from the plasma blanks were subtracted 
from those of the plasma samples. A water blank was 
used as a background for the standard samples. 
Total body water (ml) 
= Counts in standard X 50 x Weight of 3H20 injected into animal 
Counts in sample Weight of 3H20 in standard 
Percentage body water= total body water (ml) 










o-o 20%prntein diet 
o--o 4%µrntein diet · 
-o--------~ 
1 2 3 
Time after inject ion ( hours ) 
Fig . 4 . Effect of sampling time on estimation 
of total body water . 
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DiSCU$Sion 
This method for the determination of total body 
water involves two assumptions .. They are: 
1. that tritium does not exchange with labile hydrogen 
atoms other than those from water, and 
2. that there is rapid equilibration of the 3H20 with 
H20 occurring before any significant loss of 3H20 
by excretion. 
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It has been pointed out by Belcher and Vetter (1971) , 
that the first assumption does not hold true and that 
values of total body water, determined by this method, are 
overestimated by 1-2%. This is due to exchange of tritium 
with labile hydrogen in bicarbonate, carboxyl, hydroxyl 
and amino groups. 
The time taken to reach equilibrium increases in the 
presence of oedema or other abnormal fluid accumulations 
(Belcher and Vetter, 1971). In this study it was found 
that total body water remained constant between l - 2 \ 
hours after administration of the 3H20 (fig.4). A late 
increase in total body water using this technique would 
have indicated a more slowly equilibrating exchangeable 
pool. In fact there was a slight decrease in body water 
(i.e. an increase in speci~ic activity) between 2~ and 3 
hours after the injection in both malnourished and normal 
animals, suggesting a return of tritium to plasma from 
labelled metabolites. 
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GLUCOSE AND INSULIN ESTIMATIONS 
The changes in blood sugar and plasma insulin 
concentrations following various stimuli form the basis of 
this thesis. As many as 8 samples were required from 
a single rat. Some rats weighed only 30 g. Conventional 
techniques required approximately 0.1 ml of blood for 
glucose assay (Hoffman, 1937) and at least 0.1 ml of plasma 
for the insulin radioimmunoassay (Morgan and Lazarow, 1963). 
To avoid killing animals at varying time intervals, 
recently reported microassays (Tiernan et al, 1968; Lavine 
et al, 1971) were modified as described below. 
Sample collection 
All animals were warmed for at least 5 minutes in 
front of a heater before bleeding. The tip of the tail 
was amputated and 50 µl of blood was collected into a 
heparinised capillary tube and transferred to a micro test 
tube (Beckman Instrument Company) . 5 µl of this was 
immediately transferred by micropipette to a new micro 
test tube for glucoie assay (fig.5). Plasma was separated 
from the remaining blood sample and 5 µl aliquots were used 


























































































































































































A. GLUCOSE ASSAY 
Blood glucose was measured by a glucose oxidase 
method (Hugget and Nixon, 1957) using a 5 µl standard 
and sample volume. 
Principle 
In the presence of glucose oxidase, a highly specific 
enzyme, glucose is oxidised to gluconic acid and hydrogen 
peroxide. In the presence of peroxidase, hydrogen 
peroxide oxidises a dye to produce a colour change which is 
directly proportional to the glucose concentration present 
in the medium. 
Materials 
Glucose Standards 
Fresh solutions containing 0, 50, 100, 200 and 400 mg% 
of D(+) glucose were used as standards. 1 aliquot from a 
pool of frozen rat plasma was included with each assay as a 
quality control. 
Glucose Reagent 
64 mg glucose oxidase (type II, activity 17,300 units 
per gram, Sigma Chemical Company) and 5 mg horseradish 
peroxidase (type VI, 260 purpurogallin units per mg of protein, 
Sigma Chemical Company) were dissolved in 250 ml of 0.2M 
phosphate buffer~ pH 7.0. A 1% solution of dimethoxy-
benzidine dihydrochloride (Eastman Kodak Company) in 
distilled water was diluted one hundred-fold with the 
glucose oxidase-peroxidase solution just prior to use. 
Method 
80 µl of 2% perchloric acid was added to the micro 
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test tubes containing 5 µl of sample or standard. After 
centrifugation, 50 µl of protein-free supernatant was 
removed from the micro test tubes and transferred to glass 
test tubes. 1 ml of glucose reagent (see above) was 
pipetted into each tube, which was then incubated at 30° 
for 30 minutes. Absorbance was read in a spectrophoto-
meter at 436 nm against a reagent blank (fig.5). 
Calculation 
As absorbance was linear up to 400 mg%, the unknown 
glucose values were calculated from the equation of the least 
square regression line. 
Reproducibility 
The internal standard over a 3 month period showed 
an interassay coefficient of variation of 4.6% (n = 12). 
B. INSULIN RADIOIMMUNOASSAY 
Principle 
This has been described by Yalow and Berson (196 4 ) 
and involves competition, between a fixed amount of labelled 
hormone and added unlabelled hormone, for binding sites on 
a limited amount of specific antibody. Thus the percentage 
of labelled hormone that is bound to the antibody decreases 
in the presence of increasing amounts of unlabelled hormone. 
The second antibody technique of Morgan and Lazarow 
(1963) was used to separate bound from free labelled hormone. 
Materials and Methods 
Standards 
Twice recrystallised rat insulin (lot no. Rl70, 
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21.4 µU/ng, Novo Research Laboratories) was diluted to give 
concentrations from 0.625 to 40 ng/ml. An aliquot from 
a pool of frozen rat plasma was included in each assay as 
a quality control. All reagents as well as standards were 
diluted in 0.05M veronal buffer pH 8.6 containing 0.25% 
bovine serum albumin unless otherwise indicated. 
Labelling of Insulin 
Porcine insulin (Lot no. S8563, Novo Research 
Laboratories) was labelled with 
125 r according to the method 
of Hunter and Greenwood (1962) to a specific activity of 
250-300 µCi/µg. 
Procedure 
Because of the small volumes of sample and reagents, 
this immunoassay was conducted in micro test tubes. After 
the addition of each reagent, these tubes were capped and 
centrifuged. 
1. 5 µl of plasma or standard was pipetted into micro test 
tubes. 
2. 50 µl of 1:150,000 dilution of guinea-pig anti-insulin 
serum (Lot no. K5182, Wellcome Reagents Limited) was 
added to each micro test tube. 
3. The micro test tubes were incubated for 24 hours at 4°c . 
4. Approximately 20 pg of insulin 
125 r in 50 µl of buffer 
was added to each tube. 
5. The micro test tubes were incubated for 72 hours at 4°c . 
6. 50 µl of a 1:8 dilution of rabbit anti-guinea-pig 
precipitating serum (Lot no. K7117, Wellcome Research 
Laboratories) and 50 µl of a 1:1,000 dilution of guinea-
pig plasma were added to the reaction mixture. 
Dilutions of the above two reagents were made in O.OlM 
EDTA and 0.25 % bovine serum albumin in O.OSM veronal 
buffer, pH 8.6. 
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7. The micro test tubes were incubated for 48 hours at 4°c. 
8 . After centrifugation at 17,500 g for 5 minutes, the 
micro test tubes were inverted and 'flicked' as one 
would flick down a clinical thermometer. They were 
then kept inverted and allowed to drain for 1 hour at 4°c . 
9. The tip of each micro test tube (containing the 
precipitate) was cut off, put into a counting vial and 
counted for a minimum of 10,000 counts or 20 minutes 
in an automatic gamma scintillation spectrometer. 
(See fig.5). 
Calculation 
Micro test tubes, containing labelled hormone alone, 
were counted to give an estimate of the total counts added 
to each tube . Correction for non-specific binding of label 
to test tube or precipitate was estimated from tubes 
containing all reagents except the first antibody (see step 
2 in procedure), which was replaced with 50 µl of buffer 
(the blanks). 
Percentage bound -
Counts in sample or standard - counts in blank 
total counts 
X 100 
Plasma insulin concentrations were determined from 
the insulin standard curve (fig.6). 
% Bound 








1 2 5 10 20 50 0·5 
ng/ml sample 
Rat lnsuli11 ( ~ ovo) 
Fig.6. Standard curve obtained using 5 µl 
of standard solution 
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Reproducibility 
The interassay coefficient of variation over a 
three month period was 10.5% (n = 12), for standards reading 
in the mid-range of sensitivity. 
Measurement of fasting plasma insulin concentration 
The assay detailed above was not considered 
sensitive enough to detect differences in fasting plasma 
insulin concentrations between groups of rats. By using 
10 µl instead of 5 µl sample volumes, and increasing the 
dilution of guinea-pig anti-insulin serum to 1 /200,000 
(step 2 under procedure above), the sensitivity of the 
assay was increased. A plasma insulin concentration 
as low as 0.25 ng/ml could be determined (fig.7). 
125 




.,._ ___ ,_ ___ r,--.~ .. ----......, 
0·2 2 
Fig.7. Standard curve obtained using 10 µ 1 
s .tandard volumes 
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ESTIMATION OF ~OTAL PANCREATIC ISLET VOLUME 
Introdudtion 
The most accurate way to measure pancreatic islet 
volume would be: 
(a) to take serial sections of the whole pancreas, 
(b) to measure the pancreatic islet area in every section, 
(c) sum all the islet areas and multiply them by the 
thickness of each section. 
Because this method is so time-consuming, other more 
practical methods have been described. 
Chalkley (1944) has devised this method: 
For example, 
(a) measuring the total volume of the pancreas, 
(b) examining random points in numerous random sections, and 
{c) calculating the proportion of points striking an islet. 
Hence islet volume would be: 
number of points striking islets x total pancreatic volume 
total number of points examined 
In rats, however, this method is unsuitable because the 
pancreas is not a solid discrete organ but consists of 
lobules dispersed diffusely throughout the mesentery. 
The method of Tejning (1947) is more practical and 
only makes two basic assumptions: 
1. that islets are roughly spherical or ellipsoidal in 
shape, and 
2. that pancreatic islets are randomly distributed 
throughout the pancreas independently of size . 
Tejning made serial sections 30 microns thick of 
the whole pancreas and measured the islet area in every 
tenth section. He multiplied the sum of all these 
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areas by 300 microns to obtain an estimate of the total 
pancreatic islet volume. He has shown that this method 
is both reproducible and valid. 
Tejning made further important .observations on the 
numerical and volumetric distribution of the islets. 
These may be summarised as follows: 
1. There are many more small islets ~han there are large 
islets. 
2. Medium sized islets contribute the largest proportion 
of the islet volume. 
3. The volume contributed by the very many small islets 
is equal to the volume contributed by the relatively 
few large islets i.e. "the curve of the volumetric 
distribution is obviously symmetrical" (Tejning, 1947, 
p. 141). 
As the total islet volume increases there is an 
increase in the number of both small and large islets with 
a corresponding shift in the peak of the volume curves 
towards larger islet diameters (fig.8) Hence as the 
total islet volume increases the number of large isl·ets 
increase. 
Hellman (1970) has examined the relationship between 
the number of large islets and total pancreatic islet 
volume and has shown it to be a linear one (fig.9). 
Therefore one need merely count the number of islets, 
greater than a fixed diameter or area, in every tenth 
section of the pancreas, in order to obtain an estimate 
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Fig.8. The volume contribution of islets 
of different diameters (Hellman, 1970). 
With increasing islet volume peaks 
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1. Fixation of tissues 
The pancreas with its mesentery was dissected free 
from its attachments to the spleen, stomach, small bowel 
and posterior abdominal wall. 
formalin-saline for 5 days . 
. 2. Dehydration 
It wa~ fixed in 10% 
water . 
The pancreas was washed overnight in running tap 
It was then folded, placed between two glass 
slides fastened together by string, and passed through the 
following solutions for the times stated. 
(i) 70% alcohol, 7 days 
(ii) 96% alcohol, 3 days 
(iii) Absolute alcohol, 2 days 
(iv) Absolute alcohol, 2 days 
3. Embedding 
The now permanently flattened pancreas, approximately 
2-4 mm thick, was removed from between the glass slides, and 
embedded in low viscosity nitrocellulose (LVN) (African 
' 
Explosives Limited), by transferring the tissue through 
the following solutions for the times stated: 
(i) Ether alcohol ( 50% V /V) , 3 days 
(ii) 5% LVN in ether alcohol, 3 days 
(iii) 10% LVN in ether alcohol, 3 days 
(iv) 20% LVN in ether a lcohol, 6 days 
A fresh so'iution of 20% LVN was allowed to harden in 
an open petri dish until it was firm. The pancreas was 
placed on top of thi~ layer and covered with liquid 20% LVN. 
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· This was allowed to harden for approximately one week. 
The block of LVN containing the pancreas was trimmed to a 
suitable size and stored in 70% alcohol. 
4. Sectioning 
The block was fixed to a chuck with 20% LVN and 
serial sections 30 microns thick were cut from the whole 
pancreas using a sliding microtome. All sections were 
stored between layers of filter paper, soaked in 70% 
alcohol to prevent drying. Thirty to eighty sections 
were obtained depending on the size of the pancreas. 
5. Staining 
Every tenth section (or in the case of a small 
pancreas, every fifth section) was stained individually 
with haematoxylin and eosin, dehydrated with carbol-xylene 
and mounted in Canada Balsam as described by Drury and 
Wallington (1967). 
Validation of the method 
Although this method of quantitating islet volume 
has been validated, and in fact used by T~jning in rats on 
different carbohydrate, protein and fat diets, it was 
thought advisable to confirm that islet volume and number 
followed the expected distributions in protein-calorie 
malnutrition. 
The pancreas of one animal from each of the three 
groups of animals was examined as follows: 
1. Every tenth section (or fifth section in the case of 
a small pancreas) was scanned at a magnification of 
125. 
2. Using a measuring eyepiece calibrated with a stage 
micrometer, the mean diameter of every islet section 
surface was measured. 
3. The mean islet diameters were sorted into six groups 
according to size: 0-50, 50-100, 100-150, 150-200, 
200-250 and greater than 250 µm . 
The number of islet diameters in each group as a 
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percentage of the total was calculated. The percentage 
of the total volume of the pancreas contributed by each 
group was calculated. The volumetric and numerical 
distribution of islets of different diameters in the 
pancreas of a 4% protein-fed rat, is shown in fig.10. 
Note that the number of islets less than 50 µmin diameter 
has been underestimated due to difficulty in identifying 
islets less than 30 microns in diameter. Despite this, 
the volumetric distribution is symmetrical. 
Comparing the volume contributions of islets of 
different diameters in the three rats (fig.11), a graph 
similar to that of Hellman's was obtained (compare with 
fig. 8) . 
The number of islets greater than or equal to 
122 µmin mean diameter, were counted in each of the already 
examined sections. The number of islets counted was 
plotted againstthe volume calculated for that section unit. 
A linear relationship was confirmed (r=0.964) in all three 
rats, between the number of islets greater than, or equal 
to 122 µmin diameter and the pancreatic islet volume 
of each section unit (fig.12). 
Surmnary 
It has been shown that in the three animals used in 
this study: 
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1. The volume contribution by islets of different diameters 
is symmetrically distributed. 
2. There is a linear relationship between the number of 
islets greater than a fixed diameter, and the pancreatic 
islet volume. 
Thus by counting the number of islets greater than 
122 µmin every tenth section, it was possible to estimate 
the total pancreatic islet volume of that pancreas, from 
the equation of the line shown in fig.12. 
40 
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Fig. 12 Relationship between islets greater than or 
equal to a fixed diameter and the pancreatic 
islet volume. 
Me thods 
MEASUREMENT OF PLASMA AND TISSUE 
'SODIUM AND POTASSIUM . CONCENTRATIONS 
Collection of samples 
All samples were taken from rats under ether 
anaesthesia, after an overnight fast. 
Plasma sodium and potassium concentrations 
A35 
Cardiac blood was collected in heparinised capillary 
tubes and plasma separated immediately. 10 µ 1 of plasma 
or standard (140 mEq/1 sodium; 5 mEq/1 potassium, 
Instrumentation Laboratory Inc.) was diluted with 2 ml of 
lithium solution (15 mEq/1). Sodium and potassium were 
measured using a flame photometer with internal lithium 
standardisation '(Wallace et al, 1951). A commercial serum 
standard (Versatol, Warner-Lambert Company) was used for 
quality control. 
Muscle and liver sodium and potassium concentrations 
Approximately 200 - 500 mg of liver tissue and 
approximately 100 mg of gastrocnemius muscle was removed 
from each animal ·and placed into tared centrifuge tubes. 
Tissue and tubes were weighed immediately, and again after 
8 days in an oven at 110°c to estimate the dry weight of the 
tissue. Fat was extracted with petroleum ether (B.P. 30° -
60°C) for 48 - 72 hours for the determination of the fat-
free dry weight (Hazlewood and Nichols, 1969). 
10 ml of 0.75N nitric acid containing 15 mEq/1 of 
lithium was added to each tube. These were then placed 
in a boiling water bath for at least 8 hours (Lowry and 
A36 
Hastings, l942). 
After evaporative losses were made up with deionised 
distilled water, 0.5 ml of the supernatant was diluted to 
5 ml with the lithium solution (15 mEq/1) and analysed for 
potassium and sodium on a flame photometer. The 
standards for this determination were made up as follows: 
(a) 25 µl of standard solution (100 mEq/1 sodium; 100 mEq/1 
potassium, Instrumentation Laboratory Inc.) 
(b) 0.5 ml of 0.75N nitric acid containing 15 mEq/1 of 
lithium 
(c) · 4.5 ml of 15 mEq/1 lithium diluent. 
Blanks were made up as above except that the standard 
solution, (a), was omitted. 
Calculation 
10,000 Photometer reading 
201 
X fat free dry wt (mg) 
= mEq/100 g fat free dry weight 
Determination of liver fat concentration 
The fat content of the liver was calculated as 
follows: 
·(wt ·o·f · 'dr·ied liver-Wt of liver after petroleum ether extraction) · 100 
X 
Weight of dry liver l 
= grams fat/100 g dried liver 
Bl 
APPENDIX B - TABLES OF INDIVIDUAL RESULTS 
Abbreviations and symbols 
BG = Blood glucose mg/lOOml 
IRI = Immunoreactive insulin ng/ml 
Kg = Glucose disappearance rate : per cent per minute 
GS = Glucose space : expressed as percentage of 
body weight 
Kg+a = Glucose disappearance rate : per cent per 
minute (after glucose plus aminophylline) 
DW = Dry weight 
FFDW = Fat free dry weight 
¢ Sample taken~ minute late 
* Sample taken l minute late 
+ : Sample taken 1~ minutes late 
-
B2 
TOTAL BODY WATER 
expressed as percentage of body weight (TEW%) 
20% Protein diet 4:% Protein diet Weanling rats 
Rat Rat Rat 
Weight TEW% Weignt TEW% Weight TEW% 
g g g 
70 78 . 5 JO 82.J 31 77.7 
91 80. 8 38 75 . 9 36 73.9 
81 74: . 9 '* 1 79.1 34: 74:.1 
91 75. 9 27 76.8 33 76 . 1 
83 78 . 4: 31 73 . 5 33 76.0 
87 78 .7 38 80 . J 
87 78 . 4: 32 77.2 
BJ 75 . 4: 
Mean 77. 6 77. 7 75 . 6 























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































INTRAVENOUS INSULIN TOLERANCE TEST 




I g 0 10 20 30 4:5 
60 90 120 
79 73 93 77 83 97 101
 86 90 
78 76 83 71 84: 9Ll 93 87 83
 
70 79 101 71 77 77 96 93 99 
72 85 83 64: 68 96 85 84: 85 
59 89 67 4:9 57 63 71 
68 67 
90 106 74: 60 70 79 86 82 78 
85 94: 53 4:0 4:6 61 64: 74: 64:
 
84: 69 33 25 24: 27 35 58 52 
72 94: 54: 4:8 4:6 4:8 50 55 53 
89 84: 38 50 67 80 96 103 94: 
74: 87 4:7 37 4:5 66 68 77 60 
95 85 61 51 53 74: 73 67 
82 
Mean/ 85 66 54: 60 71 77 78 76 





INTRAVENOUS INSULI N TOLERANCE TEST 
4% Protein diet - Blood glucose mg % 
I Rat TIME (Minutes) 
eight 
g 0 10 20 30 45 60
 90 120 
25 71 67 42 41 - - - -
23 89 66 43 37 33 2
9 36 31 · 
27 100 60 50 58 60 6
9 83 70 
27 86 66 58 51 51 63 
78 66 
26 103 59 51 45 55 
60 75 85 
26 123 73 45 36 31 - - -
JO 66 54 36 39 46 52 
48 51 
21 58 44 35 31 - - - -
33 103 67 51 52 58 
49 63 58 
31 103 52 31 23 37 34 33 
41 
33 87 48 33 - - - - -
37 98 67 54 46 39 45 
50 49 
I 










INTRAVENOUS INSULIN TOLERANCE TEST 
Weanling rats Blood glucose mg% 
TIME (Minutes) 
10 20 JO 45 60 90 120 
49 27 JO 39 47 57 111 
36 27 22 18 24 44 
62 52 84 62 79 60 101 
67 50 40 58 74 114 130 
58 38 27 40 54 104 130 
53 34 35 42 62 75 83 
56 56 63 77 89 79 75 
69 63 90 88 95 95 95 
63 75 83 95 104 112 91 
72 55 62 91 88 99 93 
63 59 52 75 89 65 71 
53 55 63 58 59 69 79 
58 49 54 62 72 84 92 
3 4 7 7 7 6 7 
B1J 
,, 
GLUCOSE DISAPPEARANCE RATE FROM THE GU
T (Dis Rate) 
(g / h our / 100g body weight) 
1 . Rats killed 15 minutes after or
al glucose load 
20% Protein diet 4% Protei
n diet Weanling rats 
Rat Rat 
Rat 
Weight Di s Rate . Weight 




91 0.804 31 
1 . 403 24 1 . 148 
86 0.627 39 
1.076 25 0.968 
10 3 0.3 34 26 
0 . 934 28 1. 159 
75 0. 66 0 29 
0.931 29 1.076 
70 0.724 JO 
0.660 29 0.519 
71 0. 682 24 
0.697 25 0.901 
Mean 0.639 
0.950 0.962 
SEM + 0. 066 + 
0 . 111 + 0.098 -
2 . Rats killed JO minutes after oral gl
ucose l oad 
75 0.5 26 
26 0.782 28 o
.64o 
81 0. 401 31 
0.602 24 0.692 
96 0 . 358 25 
o.64o 25 o.646 
81 0 . 492 28 
0.684 25 0.548 
68 0 . 343 25 
0.667 24 o.425 
i 
Mean o . 424 
0.675 0.590 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































· GLUCOSE' TOLERANCE 'AND INSULIN RELEASE IN MALNOURISHED RATS 
· ·A summary of the thesis 
Despite advances in modern technology and scientific 
knowledge, malnutrition (undernutrition) remains one of 
the major causes of death in the world. Those who 
survive the infective complications might still suffer 
permanent disability as a result of infantile malnutrition. 
An impairment of carbohydrate metabolism has long been 
recognised as an accompaniment of undernutrition in the 
child and has been regarded by some as the cause of diabetes 
mellitus in the adult. Clinical investigators have 
ascribed the glucose intolerance of infantile protein-
calorie malnutrition to diminished insulin release, or 
insulin resistance, or both. Regional genetic factors and 
local dietary habits, complicated by the presence of 
infection (which in itself causes glucose intolerance) have 
led to some conflicting reports. 
To eliminate some of these variables, glucose 
tolerance and insulin release were . investigated in rats fed 
a protein-calorie deficient diet. Weanling rats were 
allowed free access to a 4% protein diet supplemented with 
methionine, vitamins and minerals for 3 weeks.· They failed 
to gain weight and at the time of the investigation had 
de ve loped hypoalbuminaemia and fatty infiltration of the 
liver. When compared to controls maintained on an iso-
caloric 20% protein diet, they showed the followi~g 
abnormalities. 
i) Markedly impaired intravenous glucose tolerance. 
ii) Mildly impaired oral glucose tolerance. 
iii) Low fasting plasma insulin concentrations. 
2 
iv) Diminished insulin release following intravenous 
glucose, oral glucose, intravenous tolbutamide and 
intravenous glucose+ aminophylline. 
v) Inability to correct , insulin induced hypoglycaemia. 
vi) A decreased total pancreatic islet volume. 
vii) A reduction in the ratio of dense to pale beta 
granules in the islets of Langerhans. 
Ma lnourished rats had a normal fasting blood sugar 
concentration and showed normal insulin sensitivity as 
assessed by the rate of fall of blood glucose 
concentration following the administration of exogenous 
insulin. 
It appeared that the glucose intolerance in the 
malnourished rat could be adequately explained by an 
impaired early insulin release. A reduction in the total 
pancreatic islet volume as well as abnormalities of the 
beta granule may partly account for this diminished insulin 
release. 
Two other possible causes of impaired insulin release 
were considered and later excluded. 
A. Functional immaturity of the pancreas was suggested 
by the fact that weanling rats were also shown to have 
intravenous glucose intolerance with diminished insulin 
release following intravenous glucose and intravenous 
tolbutamide. Weanling rats however showed a normal 
insulin response to oral glucose and to intravenous 
glucose+ aminophylline. 
B. Potassium depletion which is found commonly in 
malnourished children has been regarded as a cause of 
their glucose intolerance 'and impaired insulin release. 
' 
The malnourished rats showed no evidence of potassium 
deficiency as assessed by their serum and muscle 
potassium concentrations. 
The anomaly of mild oral glucose intolerance with 
markeq intravenous glucose intolerance in the face of 
a poor insulin response to both stimuli was investigated 
3 
in the malnourished rats. Others. have attributed normal 
oral glucose tolerance in malnourished animals to an 
impairment of glucose absorption. In fact the mal-
nourished rats were shown to have a greater rate of 
glucose absorption than the 20% protein fed rats, but 
this was not accompanied by a higher rise in portal glucose 
concentrations after an oral glucose load. From this, and 
from the experimental work of others, it would appear that 
malnutrition caused an increase in the rate of glucose 
utilisation by the gut wall. This would account for the 
comparatively mild oral glucose intolerance despite the 
diminished insulin release in malnourished rats. 
From these studies it has not been possible to determine 
4 
whether malnutrition leads to a permanent impairment of 
insulin release, since protein refeeding was not 
attempted. Nevertheless a protein-calorie deficient 
diet in rats produced some of the pathological changes 
described in human protein-calorie malnutrition and led 
to glucose intolerance and diminished insulin release 
in the absence of infection and potassium deficiency. 
